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Abstract 

This study investigates the impact of desk fans on inhaled 

air quality and cross-contamination vis-à-vis sitting 

occupants in an office space. The performance of the desk 

fans was evaluated using computational fluid dynamics 

(CFD) using a detailed geometry of a 3d-scanned thermal 

manikin. Mesh independence tests were performed to 

determine the association between the cells size and the 

simulation results. The skin temperature of the occupants 

was defined in the numerical model using the coupling of 

CFD and an advanced thermoregulation model. The 

performance evaluations were conducted in a room 

geometry equipped with displacement ventilation system 

(DV) under a combination of two room air temperatures 

(26 and 29°C) and two air change rates (10 and 12 h-1). 

The performance of the fan was determined by assessing 

the tracer gas concentrations moved by the fans towards 

the occupants. Results indicated that desk fans can worsen 

the inhaled air quality and increase the level of cross-

contamination between the occupants.  

Introduction 

The quality of the built environment plays an essential 

role in the well-being of its occupants. Through the past 

few decades, numerous researcher and studies targeted 

the topics of thermal comfort and indoor air quality as 

they largely impact the performance of the occupants (Ye 

et al., 2005; Melikov, 2004). According to Wargocki et al. 

(1999) and Lagercrantz et al. (2000), low indoor air 

quality can impair the occupants’ health and productivity 

by increasing the sick building syndrome (SBS) 

symptoms; such symptoms include headaches, neurotoxic 

health issues, and odour sensations (Sundell et al., 1994; 

Rylander, 1997; Godish, 2001). 

Axial fans are an affordable mean of improving thermal 

comfort in office spaces. The increased air velocity 

supplied by the fans is preferred in warm, humid indoor 

conditions (Fanger, 1970). Furthermore, they offer the 

occupants individual control over the velocity and 

direction of the flow in their workspace, which increases 

the user’s satisfaction with their local thermal 

environment (Bauman et al., 1998).  

The literature reports multiple studies that investigated the 

influence of fans-induced air movement on thermal 

comfort (Rohles et al., 1974; Scheatzle et al., 1989; Arens 

et al., 1998). It was proven that the elevated air velocity is 

preferred in warm environments (M. Fountain et al., 1994; 

Chow & Fung, 1994; Cândido et al., 2010; Zhai et al., 

2013). Additionally, with the developments in 

manufacturing brushless direct current (DC) motors, axial 

fans can provide a significant cooling effect along with 

low energy consumption (Yang et al., 2015).  

However, the impact of fans on spreading contaminants 

in the rooms is not widely investigated in comparison to 

their effect on thermal comfort. This was covered by few 

studies, such as Schiavon et al. (2017), in which the 

impact of stand axial fans on thermal comfort, perceived 

air quality, SBS symptoms, and cognitive performance by 

surveying human subjects. The subjects reported that a 

similar or improved thermal comfort, perceived air 

quality, and SBS symptoms were experienced when the 

subjects had individual control over the fans in many 

cases. Yet, no assessment of contamination asymmetries 

or cross-contamination was evaluated.  

Similar findings were reported in the work of Melikov et 

al. (2013), in which the human response to desk fans was 

studied in comparison to radiant cooling panels and 

personalized ventilation. The subjects indicated that the 

desk fans and the personalized ventilation system both 

achieved a similar level of perceived indoor quality, 

although the fans were just moving room air, while the 

personalized ventilation was providing clean air from the 

outdoors. This could be explained by the influence of 

elevated air velocity on enhancing the perceived air 

quality by the occupants (Melikov & Kaczmarczyk, 

2012). Alsaad and Voelker (2017) investigated the 

performance of desk fans in comparison to ductless 

personalized ventilation using CFD simulations. Their 

results indicate that fans and ductless personalized 

ventilation can achieve a comparable level of inhaled air 

quality. However, the performance assessment was 

conducted in a simple room geometry with no complex 

temperature and thermal plumes distribution and with no 

multiple contamination sources.  

This study focuses on the aspect of inhaled indoor air 

quality in offices equipped with desk fans. The inhaled air 

quality was assessed by evaluating the inhaled tracer gas 

concentration when the fans are turned on compared to 

reference cases in which the fans were turned off.  

Methodology 

The performance of the fans was evaluated using steady-

state CFD simulations conducted by the commercial CFD 

code ANSYS Fluent. CFD was selected as a research tool 

as it is a fast affordable approach that can simulate the 
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complex attributes of the indoor airflow (Nielsen, 2015). 

Before conducting the simulations, the numerical model 

was first validated against empirical measurements 

conducted in a climate chamber equipped with a thermal 

manikin. The validation work included validating the 

measured and simulated air temperature, air velocity, and 

CO2 concentrations in the climate chamber. Further 

details of the validation study could be found in (Alsaad 

and Voelker 2018).  

Model geometry 

The performance of the fans was evaluated in an office 

room geometry with the size of 3 x 3 x 2.44 m. These 

dimensions were selected based on the size of the climate 

chamber in which the validation work was conducted. Air 

was supplied into the domain through a wall-mounted 

displacement ventilation air terminal with a diameter of 

40 cm; the exhaust outlet was located at the centre of the 

ceiling (Figure 1). Two workstations seating two 

occupants were located at the centre of the office; each 

workstation was equipped with a computer case and two 

screens. Additionally, four square light fixtures were 

mounted on the ceiling of the room. Thus, the simulated 

office room contained a relatively realistic distribution of 

convective heat release generated by various heat sources. 

The heat load of each heat source was defined in the 

solver according to their typical values reported in the 

ASHRAE standard (2017). The total cooling load in the 

simulated office was 55.3 W/m2.  

 

Figure 1: model configuration: (1) source occupant, (2) 

target occupant, (3) DV air terminal, (4) exhaust outlet, 

(5) ceiling lights, (6) screens (two per desk), (7) 

computer cases, (8) trash bin, and (9) desk fan. 

A desk fan was mounted at each workstation directed 

towards the occupant’s face from the front and above. The 

dimensions of each fan were 18 cm diameter x 10 cm 

depth. The occupants’ geometry was imported from a 3d-

laser-scanned geometry of the thermal manikin that was 

used during the measurements for the numerical 

validation. No realistic transient breathing was simulated 

in this study in order to minimize the simulation time. 

Instead, one occupant was constantly exhaling and one 

occupant was constantly inhaling; pulmonary flow rate 

was set to 6 L/min and an exhalation temperature of 34°C 

(Höppe, 1981). Two sources of contamination were 

simulated in the model, active and passive. A trash bin 

located by the wall facing the DV air terminal was the 

source of passive contamination, which was marked with 

nitrous oxide N2O. The groins of the exhaling occupant 

were the source of active contamination, which was 

marked with carbon dioxide CO2. In this study, CO2 

simulated dermally-emitted pollutants and did not 

correspond to the exhaled CO2 generated from human 

respiration.  

Mesh generation 

The mesh was generated using the meshing tool in 

ANSYS Workbench according to the settings 

recommended in the numerical model validation (Alsaad 

& Voelker, 2018). However, in this study, there were no 

empirical results to test the mesh against. Therefore, an 

independence test was performed to determine the 

association between the mesh size and the numerical 

results of air velocity, air temperature, and tracer gas 

concentrations at different points in the domain. The 

independence test simulations were conducted using a 

case without a desk fan. A base-case mesh was generated 

with ~3.75 million unstructured tetrahedral cells with 

local sizing functions in critical regions and surfaces 

according to the recommendations concluded during the 

validation work. Additional five meshing variations were 

created using the base-case mesh sizing settings with a 

10% refinement factor to investigate the influence of finer 

mesh systems on the simulated results.  

As illustrated in Figure 2, tracer gas concentrations were 

more sensitive to the size of the mesh cells compared to 

air temperature and velocity. The resulted air temperature 

and velocity only slightly changed when the mesh was 

refined from ~3.75 million to ~6.18 million cells. The 

relative difference in the resulted air temperature at the 

centre of the room (H = 1.1 m) was only 0.1% between 

the coarsest and finest mesh (Figure 2, a). The relative 

difference in air velocity was fairly small as well, which 

is illustrated in Figure 2 (b) using the values taken at H = 

0.1 m as the velocity values at 1.1 m height showed 

remarkably small oscillations as the mesh was refined. On 

the other hand, CO2 concentration at the room centre was 

considerably different between the finest and coarsest 

mesh (Figure 2, c). However, the difference in the resulted 

CO2 concentration gradually decreases as the mesh is 

more refined, until reaching a relative error of 9% 

between the finest mesh and its preceding mesh. This 

relative error of the last mesh refinement was slightly 

higher when probing CO2 concentration at a midpoint 

between DV and the workstations at H = 1.1 m, in which 

the relative error was 12.2%. N2O concentration had a 

lower sensitivity to refining the mesh; the relative 

difference in the resulted N2O concentration at the centre 

of the room (H = 1.1 m) was 2.9% between the coarsest 

and finest mesh. Mesh refinement had an impact on the 

skewness of the generated mesh as well. As shown in 

Figure 2 (f), the coarse mesh had a higher maximum mesh 
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skewness value of 0.93. This value dropped after the first 

mesh refinement and stayed more or less unchanged 

throughout all the cases with refiner mesh systems.   

Additional locations were investigated during the mesh 

independence test, such as the exhaust outlet, a probe 

point near the trash bin, and a probe point near the 

exposed occupant. Results indicated similar patterns to 

the information presented in Figure 2. Therefore, it was 

necessary to adopt the most refined mesh settings in the 

final mesh to simulate the tracer gas concentrations as 

accurately as possible. Besides the results of the 

independence test, other factors were considered when 

generating the final mesh, such as model stability, model 

convergence, and the balance between good results and a 

reasonable computation time. 

The final mesh, which was used for the simulation cases 

in this study, is shown in Figure 3. It was generated using 

a maximum cell size of 0.06 m with a curvature normal 

angle of 18° and a minimum of 3 cells across gaps. An 

advanced size function was used to generate the mesh 

based on proximity and curvature. Local sizing functions 

were imposed to refine the mesh on critical surfaces as 

follows: displacement ventilation inlet and exhaust outlet 

= 0.005 m, nostrils = 0.001 m, and lighting fixtures, 

computer cases, and trash top = 0.02 m. The central region 

of the domain containing the breathing zones of the 

occupants’ geometries was refined using a 2 × 0.75 × 0.38 

m sizing region to accurately capture the contaminants 

transport from and into the breathing zone of the two 

occupants. The elements size in this domain was set 0.014 

m. The portion of the computer screens that was out of 

this domain was also sized to 0.014 m using a surface 

sizing function. All sizing functions were set to soft 

behaviour and a growth rate of 20%.  

Inflation layers were created around the manikin, walls, 

and surfaces in the model to accurately capture the flow 

properties in the boundary regions. Four inflation layers 

were created using the smooth transition method with a 

Figure 2: Mesh independence test of various environmental parameters. (a), (c) and (e): at room centre at H = 1.1 

m, (b): at room centre at H = 0.1 m, (d): at a midpoint between DV and the workstations at H = 1.1 m, and (f) 

overall maximum mesh skewness. 

Figure 3: The final mesh used in the numerical model. 
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ratio of 0.272 and a growth rate of 20%. The average y+ 

value for the first layer of cells near the manikin surface 

was < 1, which is necessary to resolve the wall-bounded 

turbulent flows at the cell layers next to the surface (where 

large gradients are expected) without using a wall 

function for near-wall turbulence modelling (Hjermann, 

2017; ANSYS, 2015). These operations led to a final 

mesh of ~6.48 million unstructured tetrahedral cells. 

Since the desk fans were located within the sizing region, 

no sizing function was imposed on those surfaces. Yet, 4 

inflation layers were created on the walls of the fans using 

the smooth transition method with a ratio of 0.272 and a 

growth rate of 20%. The average skewness of the mesh 

was 0.23; thus, it can be considered as a good-quality 

mesh (ANSYS, 2015). 

Model definition 

The model settings used in this study are based on the 

results of the model validation reported in (Alsaad & 

Voelker, 2018). CFD simulations were conducted using 

realizable k-ε turbulence model with enhanced wall 

treatment. Buoyancy effects were simulated using the 

incompressible ideal gas law for air density. Species 

transport model was used to calculate tracer gas 

concentrations in the domain. Coupled pressure-velocity 

scheme was used along with PRESTO spatial pressure 

discretization scheme and second-order upwind 

discretization scheme to solve the equations of 

momentum, turbulent kinetic energy and dissipation rate, 

energy, and species transport. Initial simulations indicated 

convergence difficulties due to the unsteady features of 

buoyancy resulted by the displacement ventilation system 

(ANSYS, 2015; Hjermann, 2017). To resolve these 

issues, the Pseudo transient implicit under-relaxation 

method was used to solve time-dependent partial 

differential equations in steady state simulations (Kelley 

& Keyes, 1998). Thus, Pseudo transient can simulate the 

transient behaviour of natural convection within a steady-

state solution (Figure 4). Convergence criteria were left to 

their default settings; which are an absolute value of 0.001 

for the residuals of continuity, velocity, turbulence, and 

species; and an absolute value of 10-6 for the residuals of 

energy (Figure 5).  

In the domain geometry, the computer cases, screens, and 

lighting fixtures were defined as fixed heat flux boundary 

condition. The venting air speed from the computers was 

not simulated to avoid adding additional velocity inlets in 

the model. The room walls, floor, ceiling, and the surfaces 

of the desks and the trash can were defined as adiabatic 

surfaces. The displacement ventilation supply inlet and 

the exhaling nostrils were defined as velocity inlets. The 

inhaling nostrils were defined as a velocity inlet with a 

negative velocity magnitude to define the velocity of the 

flow exiting the domain. The room exhaust outlet was 

modelled as a pressure outlet with 0 Pa gauge pressure. 

Air mixture ratios were not defined in the model; instead, 

air was modelled as a predefined mixture with default 

properties. Both N2O and CO2 were emitted into the 

domain with a source mass fraction of 5%. 

The desk fan was modelled by defining the fan’s local cell 

zone as a momentum source to preserve the tracer gas 

concentration through the fan (ANSYS, 2015). This 

approach of defining the desk fans was chosen over 

Figure 4: Simulated air temperature with and without the Pseudo transient option (tested with no fan geometry).  

Figure 5: Simulation residuals of a case with Pseudo transient function and a case without it. The blue broken line 

refers to the convergence criteria of the energy residual, while the orange broken line refers to the convergence 

criteria of the other residuals.  
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defining the fan as a pressure jump was proven to be more 

effective in controlling the target point of the fan in the 

test simulations. This is due to the wide range of control 

offered by the momentum source approach in defining the 

momentum in each axis separately. No moving fan blades 

(i.e. no dynamic mesh) were used in this study as the 

simulations were conducted under steady-state. 

Additionally, the heat generated by the fan motor was not 

accounted for in this study to simplify the simulations. 

Boundary conditions 

The desk fans were evaluated under two room ventilation 

flow rates: Q = 60 and 75 L/s, which corresponded to two 

air change rates: n = 10 and 12 h-1. Such high ventilation 

flow rates were necessary to remove the heat load in the 

room while maintaining an acceptable vertical 

temperature stratification (Chen et al., 1999). In addition, 

two room air temperature set-points were tested (θskin = 26 

and 29°C) to investigate the influence of room 

temperature on the spread of contaminants. Room 

temperature was taken at height = 1.1 m at the centre of 

each quarter of the room and averaged. The flow rate of 

the fans was set to 10 L/s, which corresponded to a target 

velocity at the occupants’ faces of 0.34 m/s, which is the 

minimum velocity required to penetrate the human 

convective boundary layer (Bolashikov et al., 2003). 

Thus, four combinations of boundary conditions were 

tested: 10/h_26°C, 10/h_29°C, 12/h_26°C, and 

12/h_29°C. Each boundary condition was simulated 

twice: a Fan_on case and a Fan_off case to allow 

determining the impact of the desk fan on the tracer gas 

concentration inhaled by the target occupant. 

Skin temperature calculations 

The human body has a complex thermal regulation system 

that controls the skin temperature (Stolwijk & Hardy, 

1966). The body parts of the human body respond 

differently to the surrounding local thermal environment 

(Nilsson, 2007). Thus, it is inaccurate to assume a uniform 

skin temperature when defining the occupants in a CFD 

model. Therefore, each occupant’s body was divided into 

16 segments; the surface temperature of each segment 

was calculated through the coupling of CFD and the 

University of California, Berkeley (UCB) comfort model. 

The UCB model is an advanced thermoregulation model 

that can predict skin temperature in non-uniform transient 

conditions. It divides each segment into four concentric 

layers: skin, fat, muscle, and core (Huizenga et al., 2001). 

Moreover, a fifth node is implemented to account for heat 

and moisture transfer through the clothing (Voelker et al., 

2009). Further details about the coupling of CFD and 

UCB can be found in (Voelker & Alsaad, 2018). 

To determine the occupants’ skin temperature, initial 

simulations were conducted with a uniform surface 

temperature for all the body segments of 34°C. Resulted 

air temperature and velocity surrounding each body 

segment were input into the UCB model to calculate the 

skin temperature of each body segment. Subsequently, the 

calculated skin temperatures were input back into the 

CFD model in a single-cycle coupling. UCB simulations 

were conducted with a simulation time of t = 300 minutes. 

The metabolic rate was set to 1.1 met to simulate a seated 

person doing light tasks (ASHRAE, 2017); clothing level 

was set to 0.5 clo assuming summer clothing. Figure 6 

exhibits the difference in skin temperature before and 

after the coupling of CFD and UCB.  

 

Figure 6: The occupant’s skin temperature before and 

after the coupling of CFD with the UCB model (during 

the Fan_off_75_29 case). 

 

Figure 7: The skin temperature calculated using the 

UCB model during the n = 10/h cases. The broken line 

marks the 34°C temperature used in initial simulations. 

Figure 7 reports the UCB-calculated skin temperature in 

the simulation cases under the air change rate of 10/h as 

an example. It indicates that there was a distinct difference 

between the skin temperature acquired from the UCB 

model and the skin temperature used before the coupling. 

The difference also depended on the ambient temperature. 

At lower room air temperature, the largest deviation 

occurred in the extremities, which were generally cooler 

than the initial temperature. On the other hand, the body 

parts of the torso exhibited warmer skin temperatures with 

a smaller deviation from the initial skin temperature 
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(34°C). When the room air temperature was set to 26°C, 

the maximum difference was observed at the left hand 

segment, which was cooler than the initial surface 

temperature by as big as -2.9 K. Whereas the smallest 

difference under the same ambient temperature occurred 

in the pelvis segment, which was only +0.3 K. Yet, when 

the ambient temperature was set to 29°C, the difference 

between the initial temperature and the UCB-calculated 

temperature was remarkably smaller. In these cases, the 

difference in the left hand skin temperature was reduced 

to -0.6 K, while the temperature of both feet had an equal 

value to the initial simulation temperature.   

The head temperature, on the other hand, exhibited a 

smaller difference when the room temperature was raised. 

During all cases, the head segment had the highest skin 

temperature, which always exceeded 35°C. Interestingly, 

switching the fan on only slightly reduced the temperature 

of the head (maximum of -0.3 K). This is due to the 

relatively low target velocity of the fan combined with the 

elevated moved air temperature originated from the 

thermal plume above the computer monitors.  

Simulation results 

The simulated tracer gas concentrations are reported in 

parts-per-million by mass (ppm) in Figure 8. The left-

hand image shows the CO2 concentration, which was 

emitted into the domain from the groins of the source 

occupant. It shows that CO2 particles spread in a cloud-

like pattern around the source occupant. This cloud was 

generally confined in the source occupant’s side of the 

office due to thermal plumes above the computer screens 

located between the occupants. Thus, these screens were 

creating a shield of ascending warm air (convective flow) 

that protected the target occupant from the active 

contamination source. The thermal plumes above the 

computer screens, cases, and the source occupant moved 

the CO2 particles upwards towards the exhaust outlet, 

where they were removed from the room. Yet, by using a 

desk fan in the target workstation, the CO2 was sucked 

from the cloud and moved towards the target occupant. 

The pollutants spread from the passive contamination 

source exhibited a similar negative effect of the desk fans. 

As mentioned in the Methodology section, the passive 

contamination (marked with N2O) was emitted into the 

room from a trash bin located on the floor. As shown in 

Figure 8 (right), N2O was highly concentrated in the space 

right below the surface of the desks as it was transported 

there from the floor level by the thermal plumes above the 

computer cases placed on the floor (Figure 1). Thereafter, 

the N2O particles moved towards the exhaust outlet by 

natural convection mainly through the gap between the 

two workstations and partially through the gap between 

the occupants and the desk. Thus, a column of N2O 

particles was formed between the two workstations. 

When the desk fans were turned on, N2O particles were 

sucked from the N2O column and moved towards the 

inhalation zone of the occupants.  

 

Figure 9: CO2 concentration inhaled by the target 

occupant. 

Figure 9 shows the CO2 concentrations during the 

simulated cases. It confirms the pattern shown in Figure 

8, which indicates that the desk fans impaired the inhaled 

air quality at the target workstation. During the Fan_on 

cases, the inhaled CO2 concentration reached 20.5 ppm 

during the 10/h_29°C case. This value is about 13 times 

larger than what it was when the fans were turned off 

under the same boundary conditions. Simulation results 

showed a correlation between the inhaled CO2 

concentration and ambient temperature. The lower room 

temperature cases (θa = 26°C) resulted in a slightly lower 

inhaled concentration; i.e. a better inhaled air quality. This 

is a result of the stronger natural convection flow around 

the computer screens at low room temperature due to the 

increase in temperature difference between the screen and 

the adjacent air. This strong flow -and consequently 

strong thermal plume- protected the target occupant form 

the CO2 particles emitted in the source workstation.  
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Figure 8: The simulated tracer gas concentrations under the Fan_on_12/h_29°C case. 
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The air change rate in the room was a determining factor 

of the inhaled air quality. The more the supplied outdoor 

air, the better the removal of indoor contaminants. As 

shown in Figure 9, during the Fan_off cases, the inhaled 

CO2 concentration was an average of 2.55 times higher 

during the n = 10/h cases in comparison to the n = 12/h 

cases under the same room temperature. Similarly, during 

the Fan_on cases, switching from the higher air change 

rate to the lower increased the inhaled CO2 concentration 

from 7.6 ppm to 20.5 ppm under θa = 29°C.  

 

Figure 10: N2O concentration inhaled by the target 

occupant. 

The desk fans impaired the inhaled N2O concentration to 

a smaller extent in comparison to the CO2 concentration. 

This is because even when the fans were turned off, a 

large portion of N2O particles was moved into the 

breathing zone by the human convective boundary layer 

through the gap between the occupant and the desk, 

whereas the CO2 concentration was well confined in the 

source workstation by the thermal plumes above two sets 

of screens. As shown in Figure 10, when the air change 

rate set to 10/h, the inhaled N2O concentration was 

already high even when the fans were switched off (up to 

68.5 ppm during the 10/h_26°C case). Yet, when the fans 

were turned on, the inhaled concentration slightly 

increases to 71 ppm during the same case. During the 

cases with higher air change rate (n = 12/h), the inhaled 

N2O concentration was generally lower as it was removed 

by the volume of supplied clean air. The highest inhaled 

concentration during these cases was 60.2 ppm during the 

Fan_on_12/h_26°C case. This concentration was reduced 

to 59.2 when the fans are turned off during the same case.  

Unlike the inhaled CO2 concentration, the lower room air 

temperature led to a higher inhaled N2O concentration in 

most cases compared to higher room temperature. Since 

the low ambient temperature led to a larger difference 

between the air temperature and surface temperature of 

the heat source, which consequently led to a stronger 

natural convection flow, the amount of N2O particles 

transported from the floor level to the head level was 

larger at low room air temperatures. The maximum 

increase in inhaled N2O concentration when switching 

from 29°C ambient temperature to 26°C was 3.5 ppm 

during the Fan_on_12/h case.  

Conclusion 

This study investigates the impact of typical desk fans on 

inhaled air quality in office rooms. Initial simulations 

showed that a highly refined mesh is necessary to capture 

the tracer gas concentrations in the breathing zone. In 

addition, it was found that the Pseudo transient function 

is needed to simulate the transient behaviour of natural 

convection within a steady-state simulation. The coupling 

of CFD and UCB showed the relatively large differences 

in skin temperature between the body segments of the 

head, trunk, and extremities. Hence, a uniform skin 

temperature cannot be used to define an occupant in the 

numerical model.  

The simulation results indicated that even though the desk 

fans are used to improve thermal comfort be inducing air 

movement, the desk fans were increasing the spread of 

contaminants in the room. When the desk fans are 

switched on, the fans significantly increased the 

concentration of CO2 tracer gas (emitted from the groins 

of the source occupant) in the breathing zone of the target 

occupant; thus promoting cross-contamination between a 

contaminating user and an exposed user. Furthermore, the 

fans resulted in an increase in the inhaled concentration of 

N2O emitted from a passive contamination source.  

The effect of the desk fans was not equal on the spread of 

the two tracer gases, which suggests that the location of 

the contamination source plays an important role on the 

inhaled concentration. Further investigations are required 

to study the optimum location of workstations in relation 

to potential pollution sources. Additionally, this study 

implemented the minimum target velocity required to 

penetrate the human convective boundary layer. Further 

simulations are needed to determine the influence of 

elevated supplied velocities on cross-contamination.  
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Abstract 

As building simulation and multifaceted workflow are 

becoming frequently integrated into architectural design, 

the need for the interactive building design and simulation 

is growing. This paper studies the parametrization and the 

optimization of natural ventilation potential by using a 

building energy simulation (BES)-integrated design 

workflow within a surface modeling platform, Rhinoceros 

(or Rhino for short). Grasshopper is one of the widely-

adapted parametric design platforms of Rhino thanks to 

its ability to connect environmental simulation engines 

such as EnergyPlus. However, there still exists the lack of 

connectivity between the parametric design platform and 

building performance simulation. Particularly for natural 

ventilation prediction, due to its susceptibility to the 

surrounding environment, a computational fluid 

dynamics (CFD) simulation is often required. The goal of 

this study, therefore, is to provide several customized 

components that read the results from a CFD tool, find an 

optimal design solution for a problem, and enable the 

comprehensive workflow within the Rhino environment. 

To validate the proposed optimization process, two types 

of simulations are conducted: an interior CFD simulation 

and a BES-integrated natural ventilation simulation. The 

former confirms that the optimal solution suggested by 

the optimization possess the maximum cooling potential 

and tends to yield better ventilation efficiency. The latter 

demonstrates the connectivity of the CFD analysis to the 

parametric design platform. 

Introduction 

Building energy simulation (BES) has been considered as 

a powerful tool to evaluate the performance and the 

environmental impacts throughout the life-cycle of 

buildings. A variety of BES tools for different purposes 

and with unique features are available now (Maile et al., 

2007). Such purposes include but not limited to the 

analyses of energy consumption, daylight, life-cycle, and 

construction cost; and the examples of various features 

include graphical user interfaces (GUI) and the ability to 

exchange data across different platforms.   

With the development of Rhino and Grasshopper plug-

ins, the BES can be widely utilized during the preliminary 

building design. Those programs have enabled an easy 

adaptation and development for parametric energy 

analyses: Honeybee and Ladybug are good examples. 

Natural ventilation analysis can be a good addition to 

these parametric programs: however, there is a lack of 

simulation pipelines that incorporate the natural 

ventilation study into these parametric programs. While 

an airflow simulation tool, such as CFD, would provide a 

useful information about natural ventilation, the 

communication between the software and the 

optimization of inputs is one of the challenges. In this 

paper, customized add-ons in Grasshopper are created to 

enable data exchange from airflow simulation to energy 

simulation and to optimize the data. The resultant 

performance-driven design will be validated. 

This study largely has two components: parametrization 

and optimization. The parametrization component 

employs the BES-integrated design work flow introduced 

by Yoon and Malkawi (2017). In their work, Natural 

Ventilation Effectiveness (NVE), an indicator of the 

natural ventilation potential of a given design, is identified 

to help understand how much natural ventilation could 

potentially contribute as a cooling source. Such indicator 

is obtained by several variables, including volumes of 

interior space, sizes and locations of windows, and 

weather conditions at the site. The NVE is then 

parameterized with these variables to interactively 

communicate with design changes. The authors leave 

users with the way to choose the locations of openings, 

which may affect the indicator to some degree.  

Next, this paper searches for several window locations by 

optimization to yield a better NVE. To do so, an external 

wind environment at the site is simulated by CFD. The 

CFD results then pass the pressure information on facades 

to the parameterization component, and finally the 

optimization component finds and visualizes the optimal 

design solution. This section also demonstrates the 

process of optimization with a case study of a small room.  

The CFD and the BES-integrated natural ventilation 

simulation results are shown in the Results section, 

followed by discussions and conclusion. 

This study utilizes several commercial and open source 

tools: Rhinoceros® is used for 3D modeling; 

Grasshopper, Honeybee and Ladybug for parametric 

energy modeling; and scSTREAM® for CFD simulation. 

For parametrization and optimization, several 

components coded in Python are created within the 

Grasshopper domain to enable the interaction between 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
578

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210197 
 



tools and to search optimal solutions. Figure 1 illustrates 

the data exchange and connection of tools in the 3D 

modelling environment. 

 

Figure 1: Data exchange and connection of tools. 

Parameterization of natural ventilation 

simulation for interactive building design 

Parameterization of natural ventilation simulation enables 

interactive building simulation within the 3D modelling 

environment, such as Rhino. As described in Figure 1, 

geometries are parameterized in Grasshopper, which 

recognizes geometric volumes, areas, lengths, locations, 

etc. The energy modelling plug-ins, Ladybug and 

Honeybee, help convert the geometries into building 

components such as walls, roofs, floors, and windows, 

and calculate cooling loads.  

Natural Ventilation Effectiveness (NVE) 

Cooling potential of natural ventilation can be evaluated 

by a performance metric called Natural Ventilation 

Effectiveness (NVE) (Yoon and Malkawi, 2017). This 

metric measures the capability of natural ventilation to 

cool the given space. Being a dimensionless metric, an 

NVE of one implies that natural ventilation would offset 

the entire cooling loads during the simulation period. 

NVE can be calculated for a customized time period, from 

an hour, days, or months, to a year. Each hour, the ratio of 

“available cooling power” to “ideal cooling power” is 

calculated. The NVE of these various time periods are 

calculated by averaging hourly ratios. The “available 

cooling power” of natural ventilation measures the 

flowrate that is made available for the room, either due to 

buoyancy effect or outdoor wind. Therefore, the available 

inflow is converted in air-change-rate-per-hour (ACH), 

and is calculated by the pressure coefficients at building 

facades, window sizes, outdoor temperature and desired 

indoor temperature of user’s choice. The “ideal cooling 

power” is the cooling power that lowers the indoor 

temperature to the comfortable level, and can be obtained 

from building’s energy simulation. The involvement of 

the BES makes NVE a BES-integrated metric that is 

design-specific as opposed to climate-based static metric. 

Detailed procedure to calculate NVE is reviewed in the 

following subsection.  

Review of NVE calculation 

First, the cooling load, q in kWh, is obtained by 

conducting a BES by Honeybee. The comprehensive 

design details including geometry specifications, building 

materials, occupancy schedule and appliance usages are 

considered in the cooling load calculation. Users 

determine the set points for cooling load, below which 

temperature users are assumed to either operate a 

mechanical cooling system or open window for natural 

ventilation. With this assumption, the indoor air 

temperature, 𝑇𝑖𝑛, is always maintained below or on that 

set point temperature, 𝑇𝑐𝑜𝑚𝑓𝑜𝑡. To see how much time of 

the year (or any time periods of users’ choice) such natural 

ventilation can be effective for cooling, the air change rate 

per hour (ACH) that is required to cool the space, 𝐴𝐶𝐻𝑟𝑒𝑞, 

is calculated using Eq. (1), 

 𝐴𝐶𝐻𝑟𝑒𝑞  =  𝑞 / (𝑉𝑟𝑜𝑜𝑚  𝜌 𝑐 𝛥𝑇), (1) 

where 𝑉𝑟𝑜𝑜𝑚 is the volume of space in 𝑚3, 𝜌 is density of 

air in 𝑘𝑔/𝑚3, 𝑐 is heat capacity of air in 𝑘𝐽/(𝑘𝑔 ⋅ 𝐾), and 

𝛥𝑇is the temperature difference between outdoor and 

indoor in 𝐾. Even when 𝐴𝐶𝐻𝑟𝑒𝑞 = 0, if some airflow is 

required by building codes or regulations for ventilation 

of the space, the 𝐴𝐶𝐻𝑟𝑒𝑞is reset to meet that minimum 

requirement (𝐴𝐶𝐻𝑚𝑖𝑛).  

With wind-driven natural ventilation design, 𝐴𝐶𝐻𝑟𝑒𝑞 
should be accommodated by the wind available at the site. 

The ACH that wind can provide, 𝐴𝐶𝐻𝑎𝑣𝑎𝑖𝑙, depends on 

the wind and building design. More specifically, the 

airflow rate available for the building design, 𝑄
𝑎𝑣𝑎𝑖𝑙

, is 

directly related to the difference between pressure 

coefficients at two openings (𝛥𝐶𝑝), areas of openings(𝐴), 

discharge coefficient (𝐶𝑑) and the upstream wind velocity 

(𝑣) as in Eq. (2). This 𝑄
𝑎𝑣𝑎𝑖𝑙

 is converted into 𝐴𝐶𝐻𝑎𝑣𝑎𝑖𝑙 

per Eq. (3). 

 𝑄
𝑎𝑣𝑎𝑖𝑙

 =  𝐴 𝐶𝑑 𝑣 √𝛥𝐶𝑝 (2) 

 𝐴𝐶𝐻𝑎𝑣𝑎𝑖𝑙 = 3600 𝑄
𝑎𝑣𝑎𝑖𝑙

 / 𝑉 (3) 

For a certain time period of the year, the sum of the ratio 

of 𝐴𝐶𝐻𝑎𝑣𝑎𝑖𝑙 to 𝐴𝐶𝐻𝑟𝑒𝑞divided by the total hours is what 

the authors call the natural ventilation effectiveness 

(NVE) of the design as in Eq. (4). The ratio of 𝐴𝐶𝐻𝑎𝑣𝑎𝑖𝑙 

to 𝐴𝐶𝐻𝑟𝑒𝑞is regarded 1 when 𝐴𝐶𝐻𝑎𝑣𝑎𝑖𝑙is bigger than 

𝐴𝐶𝐻𝑟𝑒𝑞or there is no need for cooling when calculating 

NVE.  

 𝑁𝑉𝐸 =  𝛴(
𝐴𝐶𝐻𝑎𝑣𝑎𝑖𝑙

𝐴𝐶𝐻𝑟𝑒𝑞
) /𝑡𝑜𝑡𝑎𝑙 ℎ𝑜𝑢𝑟𝑠 (4) 

Pressure coefficient mapping from CFD 

The NVE calculation procedure described above leaves 

users the choice of obtaining the pressure coefficient 

values. There are two major ways of obtaining the 

pressure coefficient (𝐶𝑝) values (Cóstola, Blocken, and 

Hensen, 2009). One is from 𝐶𝑝 databases or empirical 

data, which generally provide 𝐶𝑝 values on each facade 

according to the orientation of the surface. These 

resources would give the same 𝐶𝑝 for any windows on one 

facade the same values. A more direct way of obtaining 

𝐶𝑝is to conduct a wind tunnel test or CFD simulation. 

Although more time consuming, they offer unique 𝐶𝑝 
values on various targeted locations.  
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This study conducted a CFD simulation to obtain micro-

information of pressure on the building facades, mapped 

the pressure values in Grasshopper, and used the mapped 

coefficients for optimization that is discussed in the next 

section. The CFD simulation and mapping helped make 

decisions on window locations to maximize NVE.   

Figure 2 shows the procedures of NVE calculation and 

optimization. Figure 2 (a-c) describe the place in which 

CFD simulations take roles within this framework. 

  

Optimization of window locations  

To optimize the NVE, this section first runs a CFD 

simulation to obtain the pressure information on the 

building facades. Then, several add-ons for Grasshopper 

are written for CFD data mapping and optimization. The 

entire process is tested with a simple box model of 

5 × 5 × 4 (𝑚3) as a case study.  

Obtaining pressure information from CFD 

simulation  

As shown in Eq. (2), the airflow rate from the wind 

depends on the window sizes and discharge coefficient (𝐴 

and 𝐶𝑑), and the upstream wind velocity and pressure 

coefficient (𝑣 and 𝐶𝑝). While 𝐴 is known by design (0.19 

m2 in this case), 𝐶𝑑 is considered constance (~0.65 for 

windows) and 𝑣 is from weather data, the 𝐶𝑝difference 

between the two windows is still needs to be determined 

by choosing appropriate locations on the exterior walls. 

Since this paper chose to run an external wind simulation 

by CFD, 𝛥𝐶𝑝 could be calculated from the pressure data 

obtained from CFD simulations, as shown in Eq. (5), 

 𝛥𝐶𝑝  =  2 ∗  𝛥𝑃 / (𝜌 𝑣2), (5) 

where 𝛥𝑃 is the pressure difference between the two 

openings.  

The case study building was set up with a validated CFD 

software, scSTREAM® (Tominaga et al., 2002; Tominaga 

et al., 2004; Ding, Lam, and Wong, 2016). With the 

building height, H, the computational domain was 

extended by 6H for upstream and vertical directions, 5H 

for lateral directions, and 15H for downstream direction, 

satisfying the suggestions from the European Cooperation 

in Science and Technology (COST, 2007). Mesh size of 

0.1m was used in the vicinity of the building with a 

stretching ratio of 1.05. The wind speed at the reference 

height of 10 m from the ground was set 5m/s, and the 

power law was used to create a vertical profile of the wind 

speed. The wind speed at the height H followed the Eq. 

(6),  

 𝑣𝐻  =  𝑣𝑚𝑒𝑡  ⋅  (
𝛿𝑚𝑒𝑡

𝐻𝑚𝑒𝑡

)
𝑎𝑚𝑒𝑡

⋅ (
𝐻

𝛿
)

𝑎

, (6) 

where 𝑣𝑚𝑒𝑡 is the meteorological data measured at the 

height of 𝐻𝑚𝑒𝑡, 𝑎 an exponent determined by the terrain, 

𝛿 the layer thickness also determined by the terrain. After 

running the wind simulation, the pressure values were 

output as shown in Figure 3.  

 

 

Pressure (Pa) 

 
-25.4         0          28.8 

Figure 3: CFD result: pressure on building facades. 

 

Figure 2: Workflow BES-integrated natural ventilation 

simulation and optimization. The current study 

contributes to the tasks highlighted in green boxes. 
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Optimization using object-oriented programming 

Once the pressure data was obtained, the optimization 

went through three major processes: data mapping, 

optimization and visualization. All components were 

written in Python and were to be connected to a 

Grasshopper application program interface and other 

customized add-ons. These Python functions used object-

oriented programming (OOP), which enabled the codes to 

keep track of the manipulated values, while we changed 

data points on a building geometry. The OOP is 

particularly useful during the data mapping process.  

The data mapping process had three functions: a data 

reading function, a surface division function, and a data 

mapping function. First, the CFD pressure data with their 

coordinate points obtained in the form of comma 

separated values (CSV) were read (Figure 4. (a)). The 

resolution of the grids to map the pressure data was 

determined (Figure 4. (b)). The resolution may represent 

the actual window size. The data were then mapped on the 

user-defined grid (Figure 4. (c)).  In this function, the 

Class of objects in OOP was coded in such a way that the 

center point of the newly-defined grid could interpolate 

the pressure values contained in the grid weighted by their 

distances. The optimization algorithm was implemented 

in the data mapping function. 

 
 

 

 

 

 

 

(a) Data reading 
function 

(b) Surface division 
function 

(c) Data mapping 
function 

Figure 4: Data mapping process. 

For the window placement optimization, the pressure 

coefficient (𝐶𝑝) is an important factor to propose potential 

openings.  As inferred from Eq. (2)-(4), the airflow rate 

driven by wind through the openings would be maximized 

when 𝛥𝑃 reaches maximum. Therefore, informing the 

location of large 𝐶𝑝difference and its value is crucial to 

design openings for natural ventilation. The optimization 

method used in the building simulation environment 

suggests the optimal opening design options from 

multiple possible alternatives using a sequential search 

algorithm. In this research, the brute force optimization 

was used. After optimizing, the potential positions of 

openings that satisfied the threshold pressure differences 

(𝛥𝑃s) are visualized in Figure 5 with the blue pipes. The 

thickness of the pipes represents the magnitude of 𝛥𝑃s. 

Based on the proposed solutions for the given inlet, a 

relevant position of the outlet based on design preference 

could then be selected. The selected compositions were 

verified by running interior CFD and energy simulations, 

which are described in the following section.  

(a) Pressure Diff = 
24.4 Pa 

(b) Pressure Diff = 
22.2 Pa 

 
(c) Pressure Diff 

=19.5 Pa 

Figure 5: Optimization function and visualized 

solutions. 

Results 

Optimal solution 

As seen in Figure 5 above, the visualization helped 

identify window locations with the highest flowrate. In 

this case study, the east window was fixed as an inlet, and 

the maximum airflow rate was achieved with an outlet on 

the adjacent façade, as shown in Figure 6 (a). The 𝛥𝐶𝑝 in 

this case was 6.05, and the resultant airflow per Eq. (2) 

was 0.77𝑚3/𝑠. This result was relatively better than the 

‘typical’ cross ventilation setup (Figure 6 (e)), which 

resulted in 0.62𝑚3/𝑠 of airflow rate. In the calculation, 𝐶𝑑 
of 0.611 for a sharp-edged orifice was used (Etheridge, 

2011). 

To see the effect of having different openings and to learn 

how this method could be further developed, this paper 

selected five different configurations as shown in Figure 

6 and Table 1 below. These options were chosen based on 

the optimization method by visualizing results, and were 

in the order of pressure difference. 

 

(a) Option 1 (b) Option  2 (c) Option 3 

(d) Option 4 (e) Option 5  

Figure 6: Selected combinations of opening locations. 
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Validation  

It is obvious that the best option obtained from the 

optimization with the maximum 𝐶𝑝 difference would 

yield the highest airflow rate per Eq. (2). This subsection 

ran CFD simulations for each option to ensure the 

estimated flowrate was achieved. Incidentally, the age-or-

air of the interior was output. 

Simulation setup 

For the internal CFD simulation, finer mesh sizes were 

applied than for the external CFD simulation conducted 

in Section 3.1. To determine the mesh size, a mesh 

dependency analysis was conducted. With coarse mesh of 

130mm to fine mesh of 40mm were applied to the 

Opening combination 1 case. Figure 7 shows the 

measurement points in the model and the graph of 

dimensionless velocity along with the dimensionless 

distance. The dimensionless velocity was calculated as 

the ratio of velocity at a point (v) to the inlet velocity (v0), 

and the dimensionless distance the ratio of the distance of 

point from the inlet (D) to the longest distance from the 

inlet (D0).  

Simulations with coarse meshes (130mm and 100mm) 

took around 2 minutes to run, but their results were not 

reliable as they tended to underestimate the velocity along 

the measurement line. With finer mesh sizes (70mm and 

50mm), the results did not significantly depend on the 

mesh sizes, and took 11 minutes and 38 minutes, 

respectively; therefore, 70mm was chosen.  

As a boundary conditions, no-slip walls were applied to 

all building surfaces, and pressure values from the 

external simulation (Table 1) were set to each opening. 

Standard k-휀 model was used.  

 

 

Airflow rates 

Table 2 shows the volumetric flowrates obtained from the 

CFD simulations, the calculated airflow rates and the 

corresponding ACHs. The calculated airflow rate was 

based on the discharge coefficients of 0.661. This result 

shows that with the best solution from the optimization 

(Option 1) would have the most cooling potential from the 

wind-driven ventilation, increasing the NVE.  

Table 2:  Calculated Air Change rate per Hour (ACH) 

of five selected window positions. 

 
∆P 

(Pa) 

(1) 

Calcul

ated 

Airflo

w rate 

(m3/s) 

(2) 

CFD 

Airflo

w rate 

(m3/s) 

(2)/(1) 

ACH 

from 

(2) 

Option 1 27.0 0.77 0.74 0.99 27.7 

Option 2 24.4 0.73 0.72 0.99 25.2 

Option 3 22.0 0.69 0.67 0.97 24.1 

Option 4 21.3 0.68 0.67 0.99 24.1 

Option 5 19.0 0.62 0.64 1.03 22.9 

 

Age of air and ventilation efficiency 

More interesting finding from the CFD simulations was 

the air distributions of the five options. Figure 8 shows the 

age-of-air (𝜏), a measure of ‘freshness’ of the air 

(Etheridge, 2011), with corresponding the room mean age 

of air (𝜏) and ventilation efficiency (𝜂). The results 

demonstrate the tendency of increased freshness with 

increasing flowrates. Options 1 had the freshest air, and 

Option 5 the least fresh air.  

What needs to be addressed here is the non-linear 

relationship between the airflow rate and the mean age of 

air. With the pressure difference of 2.6 Pa between Option 

Table 1:  Selected solutions of five alternative window 

positions and pressure values. 

 Window 1 Window 2  

 
Loca

tion 

Pressu

re (Pa) 
Location 

Pressu

re (Pa) 
∆P 

Option 1 East 13.8 South -13.2 27.0 

Option 2 East 13.8 South -10.6 24.4 

Option 3 East 13.8 
West,  

upper corner 
-8.2 22.0 

Option 4 East 13.8 
West,  

upper center 
-7.5 21.3 

Option 5 East 13.8 
West,  

lower center 
-5.2 19.0 

 
(a) Measurement points 

 
 

 
(b) Dimensionless velocity from point 1 to 2 

 

Figure 7: Mesh dependency analysis. 
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1 and 2, their 𝜏̅s were relatively close (Figure 8 (a-b)). On 

the other hand, the 𝜏̅s of Option 3 and 4 were much 

different considering their relatively small pressure 

difference of 1.3 Pa (Figure 8 (c-d)). To learn why this 

was the case, it is worth noting the relationship of nominal 

time constant and ventilation efficiency. The nominal 

time constant (𝜏𝑛) refers to the ratio of room volume (V) 

to the airflow rate (Q) which has an immediate 

relationship with the ACH. Ventilation efficiency (𝜂) is 

defined as the ratio of 𝜏𝑛 to 2𝜏̅̅ ̅. According to Roulet 

(2008), a 𝜏̅ of around 0.99 has an 𝜂 of 0.5, meaning the 

space is fully mixed; and a 𝜏̅ of around 1.44 has an 𝜂 of 

0.35, indicating shortcuts and dead zones presenting in the 

room. Therefore, the large difference between the 𝜏̅s of 

Option 3 and 4 may be understood together with the 

airflow rates and the ventilation efficiencies. Such 

differences are shown in Figure 9 in the normalized 

histogram of age-of-air. 

 

 
(a) Option 1  

(𝜏̅=1.01, 𝜂= 0.49) 

 
(b) Option 2 

(𝜏̅=1.02, 𝜂= 0.49) 

 
(c) Option 3  

(𝜏̅=1.06, 𝜂= 0.47) 

 
(d) Option 4  

(𝜏̅=1.29, 𝜂= 0.39) 

 
(e) Option 5  

(𝜏̅=1.34, 𝜂= 0.37) 

 
 
 

Age-of-air (𝜏) 

 
0                                  1.6 
 
 
 

Figure 8: CFD results: mean age-of-air and ventilation 

efficiency of each test case. 

 

 
Figure 9: A normalized histogram for age-of-air. 

Integration with energy modeling 

The selected opening locations were finally used to 

predict the natural ventilation effectiveness (NVE) as 

described in Section 2. As this case study represented a 

small room (5 × 5 × 4 (𝑚3)), the internal heat gain was 

exaggerated to better illustrate the effect of wind in 

cooling. Figure 10 mapped the hourly NVE of Option 1 

and 5 and two additional cases with different 𝛥𝑃s from 

May 15th to October 15th with the cooling set point of 23 

degC. Under the given conditions, it was shown that the 

NVE from mid July to mid August could much benefit 

from the optimized solution.  

 
(a) Option 1 (𝛥𝑃= 27 Pa, 𝑁𝑉𝐸̅̅ ̅̅ ̅̅ =0.754) 

 
(b) Option 5 (𝛥𝑃= 19 Pa, 𝑁𝑉𝐸̅̅ ̅̅ ̅̅ =0.747) 

 
(c) Additional 1 (𝛥𝑃= 10 Pa, 𝑁𝑉𝐸̅̅ ̅̅ ̅̅ =0.731) 

 
(d) Additional 2 (𝛥𝑃= 5 Pa,  𝑁𝑉𝐸̅̅ ̅̅ ̅̅ =0.711) 

NVE 

 
0                       0.5                      1.0 

 

Figure 10: NVE of Option 1 and 5 and two additional 

test cases with 𝛥P=10 Pa and 5 Pa from May 15th to 

October 15th. 

Conclusion and Discussions 

In this paper, a way to find optimal window locations to 

maximize the use of wind-driven ventilation for cooling 

has been proposed. With the recent progress on 

parametrization of natural ventilation simulation by Yoon 

and Malkawi (2017), this paper further tried to bring CFD 

results and link them to the parametrization process. To 

do so, several customized functions including data 

transfer, optimization and visualization were programmed 
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using object-oriented programming (OOP). As a result, 

the optimized window location was suggested and 

verified by running CFD and energy simulation.  

The benefits of the optimization process are 

threefold: 

● Either from CFD, field measurements, or wind tunnel 

experiment, the proposed simulation pipeline allows 

designers to utilize the outsourced pressure data 

during the preliminary design phase. 

● The optimized solutions reduce the need for 

searching and validating manifold combinations of 

design alternatives. 

● The proposed method with the connectivity of 

existing natural ventilation analysis enables the 

comprehensive interpretation of results in the 

seasonal analysis as opposed to the point-in-time 

analysis with CFD. 

The following limitations need to be further studied 

in the future research: 

● A qualitative analysis about ‘good ventilation’ can be 

clarified by assigning a threshold. For example, 

Option 5 might as well be a good enough solution 

with the NVE of 0.747, while our search algorithm 

only quantified that Option 1 has a max potential.  

● The optimal solution might miss ‘better’ solutions 

due to the indoor air distribution. As indicated by 

Figure 8, there might be some other solutions that are 

calculated a less airflow rate but a better ‘actual 

airflow rate’ due to the ventilation efficiency.  

● The CFD results were run for only one wind direction 

in this study for the demonstration purpose. 

Obtaining 𝐶𝑝 values for at least two or three 

representative wind cases is recommended to 

consider different wind environments.  
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Abstract 

The atrium has become a central feature of modern 

buildings. Predicting the atrium thermal performance, 

however, still faces lots of challenges. Computational 

Fluid Dynamics can provide detailed simulation results, 

but it is not practically applicable to large complex 

spaces. The conventional zonal models require less 

computational effort but have a lower accuracy. Thus, 

this paper aims at improving the dynamic zonal 

prediction for the case of the atrium thermal environment. 

Firstly, an airflow network composed of air volumes and 

flow paths is constructed in the space. Then, a simplified 

momentum equation is implemented to calculate kinetic 

energy conservation, transformation and dispassion. By 

comparing the simulated and measured air temperatures 

of a five-storey atrium, it is shown the zonal method can 

obtain a quick and reasonable prediction of atrium 

thermal performance.  

Introduction 

 

Figure 1: Schematic of atrium thermal environment. 

 

In recent 50 years, the atrium has become more popular 

in modern society for purpose of aesthetics, natural 

daylighting and solar heating. It is generally featured with 

high ceiling, large-volume space and transparent façade 

or glazed roof. The thermal environment in the atrium is 

complex and influenced by many interrelated factors, 

such as ambient environment, adjacent rooms and internal 

heat sources. A schematic of the physical phenomena in 

the atrium is presented in Figure 1. The air parameters are 

unevenly distributed, and there exists thermal 

stratification (Saxon, 1986; Heiselberg et al., 1998). 

For the large-volume space with temperature stratification, 

the nodal model, considering room air to be homogeneous, 

is oversimplified. Computational Fluid Dynamics (CFD) 

modelling can in principle provide detailed and rich 

results, but it cannot practically be applied to large and 

complex buildings due to significant problem definition 

and computational effort (Megri and Haghighat, 2007; 

Abadie et al., 2012). On this occasion, the zonal model, as 

a good compromise between efficiency and accuracy, has 

been put forward. In many cases, the power law model is 

employed to determine the mass flow rate between the 

adjacent zones (Voeltzel et al., 2001; Beiza et al., 2014; 

Fang et al., 2017). But there exist some limitations and 

deficiencies. For example, the simulation results are 

closely related to zoning method, because it implicitly 

presumes that viscous dissipation merely occurs at the 

cell boundaries (Axley., 2001). Then, a velocity 

propagating zonal model was developed to improve the 

accuracy of the zonal method (Norrefeldt et al., 2012). 

The application of this model, however, has not been fully 

matured, especially for the atrium with complicated 

boundaries and obvious thermal stratification.
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Figure 2: Zonal model in x-z direction: (a) fluid network, (b) air volume-flow path connection. 

Description of the zonal model 

Governing equations

Zonal models decompose a room into a limited number 

of perfectly mixed air zones, typically 10-100 

(Norrefeldt et al., 2012). These zones are inter-connected 

between which transfer air flow and heat flux. As shown 

in Figure 2, a fluid network is constructed within the 

room: air volumes and flow paths. In this way, air 

information, such as velocity and temperature, can 

spread all over the space. 

Inside each air volume, e.g. 𝑖 , the air properties 

(temperature, pressure and density) are calculated by 

solving mass and energy balance equations as follows:  

𝜌𝑖 =
𝑃𝑖
𝑅𝑇𝑖

 (1) 

∑�̇�𝑗→𝑖 + ∑ �̇�source→𝑖

sources

= 0

𝑗

 (2) 

            𝜌𝑖𝐶p𝑉𝑖
𝑑𝑇𝑖
𝑑𝜏

=∑�̇�𝑗→𝑖𝐶p(𝑇𝑗 − 𝑇𝑖)

𝑗≠𝑖

+ ∑ ℎwall,𝑖𝐴wall,𝑖(𝑇wall,𝑖 − 𝑇𝑖)

walls

+ ∑ �̇�source,𝑖
sources

 

(3) 

where 𝑇 is temperature, K; 𝑃 is air pressure, Pa; 𝜌 is 

air density, kg/m3; �̇� is mass flow rate, kg/s; �̇� is heat 

source, W; ℎ  is convective heat transfer coefficient, 

W/(m2·K); 𝑉 is zonal volume，m3; 𝐴 is zonal interface 

area, m2; 𝜏 is time, s;  𝐶p is specific heat, J /(kg·K); 𝑅 

is gas constant for air, J/(kg·K). The subscripts refer to 

specific zones, surfaces or sources. In addition, entering 

airflow is assumed positive while leaving airflow is 

negative. 

In the power law model, the mass flow rate between the 

adjacent zones �̇�𝑗→𝑖 is computed merely based on the 

pressure difference (𝑃𝑗 − 𝑃𝑖), as given in Eq. (4). 𝐶d is 

discharge coefficient, 𝑛 is air flow exponent. 

�̇�𝑗→𝑖 = 𝜌𝐴𝐶d(𝑃𝑗 − 𝑃𝑖)
𝑛 (4) 

In this paper, to obtain air velocity 𝑤𝑖𝑗 and flow rate 

�̇�𝑗→𝑖, a reduced form of Navier-Stokes equation, Eq. (5), 

is established on the flow path. Taking the air flow in 

z-direction as an example as showed in Eq. (6), the 

momentum equation is balanced by pressure force (𝐹P), 

momentum force (𝐹M ), gravitational force (𝐹G ), and 

viscous force (𝐹v). The introduction of the length of an 

airflow path, ∆𝑧𝑖𝑗 , enables the momentum loss to be 

governed by design parameters instead of grid spacing. 

To avoid the dissipation of airflow velocity within the 

zones as in the conventional power law model, a 

characteristic velocity vector, 𝑤, is assigned to each air 

volume and used in Eq. (6). Considering airflow can 

propagate into downstream zones, characteristic 

velocities are defined as in Figure 3. Besides, an apparent 

viscosity, 𝜇𝑎, is used as a tuning parameter in the model 

to take turbulent losses into account. In this paper, 𝜇𝑎 

was set as 0.001 Pa·s to produce simulation results  that 
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match with the measurement data. 

𝐴 ∙ ∆𝑧𝑖𝑗 ∙ 𝜌 ∙
𝑑𝑤𝑖𝑗

𝑑𝜏
= 𝐹P + 𝐹M + 𝐹G + 𝐹V (5) 

{
 
 
 
 
 
 

 
 
 
 
 
 

𝐹P = 𝐴 ∙ (𝑃𝑖 − 𝑃𝑗)

0
𝐹M =  𝜌 ∙  𝐴 ∙ (𝑤𝑖

2 −𝑤𝑗
2)

0
𝐹G = −𝜌 ∙ 𝑔 ∙ 𝐴 ∙ ∆𝑧𝑖𝑗

0

𝐹v =
(𝐹cell,𝑖 + 𝐹cell,𝑗)

2
 

  𝐹cell = 𝜇𝑎 ∙ {[(
∆𝑤

∆𝑥
)
e
− (

∆𝑤

∆𝑥
)
w
] ∙ 𝐴YZ

  + [(
∆𝑤

∆𝑦
)
n

− (
∆𝑤

∆𝑦
)
s

] ∙ 𝐴XZ}

 (6) 

Boundary conditions 

Generally, the large atrium space is partly occupied and 

the usage zone ratio is small. A uniform heat source over 

the whole floor area is hypothesized, that is, the floor is 

modelled as a no-slip wall boundary with a fixed heat 

flux. In addition, a recommended convection to radiation 

ratio is adopted, for example 2:1 for personnel (Pan et al., 

2018).  

On one hand, solar radiation directly impacts the skylight. 

The glazed system can be set as the heat flux boundary 

condition. On the other hand, some parts of wall surfaces 

absorb the transmitted sunlight and probably form an 

inhomogeneous temperature distribution (Heiselberg et 

al., 1998). In this study, the experimentally-determined 

wall surface temperatures were applied as the boundary 

conditions to validate the zonal model. 

A correlation for the natural convective heat transfer 

coefficient, ℎ, is available in Eq. (7), which relies on the 

wall position and the temperature difference between 

wall surface and air, (𝑇s − 𝑇f) (Yoshiroku et al., 1999). 

ℎ = 𝑐(𝑇s − 𝑇f)
0.25 (7) 

where 𝑐 is 2.67 W/(m2·K1.25) for the ceiling of a cold 

room or the floor of a warm room, 0.64-0.37 W/(m2·K1.25) 

for the opposite case, and 1.98 W/(m2·K1.25) for the 

vertical wall surface. 

Implementation of the model and resolution 

procedure 

This model consists of nonlinear equations, which results 

in an iterative resolution procedure, as presented in 

Figure 4. The program of the zonal method was newly 

developed in the object-oriented C++ language. The 

main input to the model consists of geometric 

characteristics of the enclosure, boundary conditions and 

internal heat sources, etc. The output includes 

temperature and airflow patterns. 

Because the number of zones in the zonal method is 

much less than that of CFD, we use the simultaneous 

solution for the momentum and mass equations. Firstly, 

the air velocities in x-, y- and z-direction and pressures, 

i.e. {𝑼  𝑽 𝑾 𝑷}, are considered as macroscopic system 

variables. Then, Eq. (1), (5) and (6) of the mathematical 

model is described with a global system of linear 

equations, as given in Eq. (8).  

[

𝑽𝐗 0 0
0 𝑽𝐘 0
0 0 𝑽𝐙

𝑭𝐗
𝑭𝐘
𝑭𝐙

𝑴𝐗 𝑴𝐘 𝑴𝐙 0

] = [

𝑼
𝑽
𝑾
𝑷

] = [

𝑺𝐗
𝑺𝐘
𝑺𝐙
0

] (8) 

where 𝑽 is the coefficient matrix of air velocity; 𝑭 is 

the coefficient matrix of pressure; 𝑴  is the matrix 

associated with mass conversation; 𝑺  stands for the 

constant matrix. 

This coefficient matrix cannot satisfy the Scarborough 

criterion. To solve this ill-conditioned matrix, the energy 

functional method is utilized. For a system of linear 

equations with a singular coefficient matrix, AX = Y, the 

problem can be converted to Eq. (9) (Anthony et al., 

1990). A penalty factor, 𝛼, of 10-15 was used. 

min‖𝑨𝑿 − 𝒀‖2 + 𝛼‖𝑿‖2 (9) 

Furthermore, some numerical techniques are employed 

to enhance the robustness and efficiency of this 

algorithm: additional source term for the flux boundary 

condition; linear relaxation used to stabilize the 

numerical simulation, etc (Patankar, 1980). The initial air 

temperature was set as 23 °C, the flow velocity was 0 

m/s, and the corresponding air pressure was standard 

atmospheric pressure, 101325 Pa. The convergence 

criteria of temperature and pressure were 10−6, and 

others were set as 10−4. 

Case study 

Overview of the target atrium  

The atrium building is a typical office building, which is 
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Figure 4: Flowchart of the iterative resolution procedure 

of the zonal model. 

located in Harbin, a capital city in China (45°41’N 

126°37’E). This five-storey atrium covers an area of 275 

m2 and measures 22.85 m. As shown in Figure 5, the 

rectangular atrium space is the main core of the building 

and surrounded by offices on three sides. It is topped 

with a pyramidal skylight, and this glazing system has a 

solar transmittance of 25% and a U-value of 2 W/m2·K. 

The atrium cannot be mechanically or naturally 

ventilated. It houses two elevators, which were rarely 

used during the measurement.  

Field measurement scheme 

To study the atrium thermal stratification, the field 

measurements were carried out in the typical summer 

days of Harbin from 16th to 26th June 2018. The tested 

parameters included weather condition, air temperature, 

wall and ground surface temperature. As shown in Figure 

6, in order to fully reflect the air temperature distribution, 

a total of 45 thermocouples with an uncertainty of 0.4% 

were almost evenly distributed inside the atrium apace. 

Before the measurement, the temperature sensors were 

calibrated through an oil bath test. To protect from direct 

solar radiation during the test, especially at the daytime, 

a simple radiation shielding hood was made for each 

thermocouple using tinfoil. The surface temperatures in 

all orientations at different heights were measured via 

button temperature loggers with an accuracy of 

0.0625 °C. Also, the floor temperatures were tested in a 

quincuncial arrangement. A HOBO automatic weather 

station was arranged at the rooftop to record weather 

data, such as global solar radiation and outdoor air 

temperature. These parameters were measured 

intermittently at 10-minute intervals; then the average 

values were calculated for each hour. 

Comparison of the simulated and measured results 

As demonstrated in Figure 7, the pyramid skylight was 

simplified as a flat roof. The side walls were 

presumptively planes. Considering accuracy and 

efficiency at the same time, the atrium was subdivided 

into 5×5×5 = 125 zones. The walls were discretized into 

5 layers in order to account for thermally stratified wall 

surfaces. The per capita occupation area index was 20 

m2/person during office hour, and the heat flux from one 

person was 61 W at 26 °C (Lu, 2007). Other calculation 

conditions were set as measurement data. 22 June 2018 

was chosen as the case scenario in this paper. As shown 

in Figure 8, the outdoor temperature ranged between 

20.1 °C and 34.0 °C, and the maximum global solar 

radiation was 733.7 W/m2. 

As demonstrated in Figure 9, the predicted hourly air 

temperatures changed almost consistently with the 

measurement  results.  The  maximum air temperature
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difference varies between -1.2 °C and 1.5 °C, and the 

root-mean-squared error (RMSE) is between 0.2 °C and 

0.8 °C. Figure 10 gives detailed comparisons of the 

simulated and measured air temperature profiles at some 

typical moments. At nighttime, the air temperatures as 

predicted and measured increase linearly with atrium 

height, but overall the air tends to be well-mixed. In 

midday, the simulated and measured air temperatures on 

the 1st floor are around 27 °C, slightly beyond the limit 

of comfort zone. The air temperature quickly adds up 

below the skylight, and it reaches above 34 °C on the 5th 

floor. Furthermore, a pronounced thermal stratification is   

observed. A dimensionless non-uniformity coefficient of 

temperature, 𝜑, is defined as in Eq. (10): 

𝜑 =
|𝑇t − 𝑇b|

𝑇av
 (10) 

where 𝑇av is the average zone temperature; 𝑇t and 𝑇b 

are the temperatures at the top and bottom of the zone, 

respectively. A higher value indicates a greater 

temperature discrepancy. The peak 𝜑  value in both 

simulation and measurement was 0.2 at 12:00.  

But particularly, when the skylight began to absorb solar 

radiation and the wall surfaces were heated up in the 

morning, the air temperatures above the 3rd floor are 

somewhat overestimated. While sunlight faded in the 

afternoon, the case is opposite. These discrepancies may 

be due to the two facts: On one hand, the building layout 

and geometry property were simplified, and the tiny air 

infiltration was neglected in the simulation; On the other 

hand, the zonal model is more sensitive to a change in 

boundary condition than the measurements show. But 

from the comparisons given above, it is evident that the 

zonal model is generally able to forecast the dynamic 

thermal environment in the atrium. 

Comparison of zonal model and CFD method 

To further evaluate the zonal model in accuracy and 

efficiency, a comparative trial study was conducted using 

CFD calculation. The case at 12:00 was selected, which 

showed a noticeable thermal stratification. The CFD 

model was created with commercial solver FLUENT○C . 

A grid of 1.23 million hexahedral cells proved to be 

sufficient, as shown in Figure 11. The grid density was 

increased near where apparent velocity and temperature 

gradients were expected, such as solid walls. The 

minimum cell size near each wall was chosen, leading to 

y+ value ≤ 10. As the previous studies indicated (Pan et 

al., 2018; Hussain and Oosthuizen, 2012), the SST-k-𝜔 

turbulence model was employed for airflow simulation 

in the large-volume building. The Boussinesq 

approximation was used to model the buoyance force. 

The boundary conditions of the atrium and the thermal 

properties of its materials were based on the 

measurement as in the zonal modelling. The discrete 

equations were solved using the SIMPLE 

pressure-velocity coupling algorithm. The second-order 

upwind scheme was used to discretize the momentum, 

turbulent kinetic energy, dissipation rate and energy 

conservation equations. In the unsteady-state calculation, 

a time step of 1 s was determined. The convergence 

criterion of energy was 10−6, and the other convergence 

criteria were 10−3. 

Figure 12 presents a comparison of air temperature 

profiles obtained by the on-site measurement, the zonal 

method and CFD calculation. Above the 3rd floor with 

strong solar radiation, the simulated air temperatures of 

these two models show a good agreement, and the CFD 

results well match the measurement data. On the 1st floor 

with small internal heat source, there is also little 

difference between them. But on the middle floors, both 

of the predicted air temperatures deviate from the 

measurement results. Possibly because the effects of 

thermal buoyance and solar radiation on air flow are not 

thoroughly considered in the existing simulations. But in 

general, the results from the zonal model are comparable 

to those of the CFD simulation. 

Apart from accuracy, computing time to reach 

convergence is also important to assess airflow models. 

A dimensionless computational time ratio, 𝑁, is defined 

as in Eq. (11): 

𝑁 =
𝑡physical

𝑡elapsed
 (11) 

where 𝑡physical is the physical time of air flow motion, s; 

𝑡elapsed is the elapsed computing time of simulation, s. 

On an Intel○R  CoreTM i7-7700 CPU @ 3.60 GHz, 16.0 

GB RAM desktop computer, the 𝑁-values of the zonal 

model and CFD are 8.1 and 1.1, respectively. Due to the 

complicated boundary conditions and large-volume space, 

the simulation for atrium thermal environment requires 
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significant computational efforts. The CFD computing 

time is almost the same as the physical time, and the 

zonal method is clearly faster. Through the 

cross-validation with CFD, it is proved that the zonal 

model is able to obtain a quick and accurate prediction of 

the atrium thermal environment in general. 

Conclusion 

In summertime, overheating could be a serious problem 

in the upper part of a medium atrium. The air 

temperature reached above 34 °C on the 5th floor at 

12:00. Besides, there was a pronounced thermal 

stratification. The non-uniformity coefficient of air 

temperature 𝜑  was 0.2 in midday. In this paper, a 

three-dimensional, physics-based zonal model was 

developed to relate the temperature distribution to the 

spatial mass flow rate. To improve the accuracy of 

simulation results, a simplified momentum equation was 

established, introducing the length of the flow path, the 

characteristic velocity and the apparent viscosity. Then, a 

novel C++ resolution procedure was elaborated. By 

comparing the simulated and measured data, it is shown 

that the zonal model is able to not only reflect the general 

trend of thermal stratification but also obtain the 

reasonable value of air temperature. The maximum air 

temperature deviation varies between -1.2 °C and 1.5 °C, 

and the root-mean-squared error (RMSE) is between 

0.2 °C and 0.8 °C. Furthermore, the results obtained by 

the zonal method are comparable to those from CFD 

simulation, and this model is 8 times faster than the latter. 

Yet, there is still some uncertainty about the zonal model. 

One important future enhancement to better the atrium 

environment simulation is to further consider the effect 

of thermal buoyancy and solar radiation on air flow. 
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Note: dotted arrow represents airflow across zone boundary; solid arrow stands for characteristic velocity of zone; w denotes velocity 

vector in z-direction. 

Figure 3: Assignment of the characteristic velocity component of a zone in z-direction. 

             

Figure 5: Photo of the atrium for case study.            Figure 7: Zoning structure for zonal simulation. 

 

Figure 6: Schematic of temperature testing points inside the atrium space and on the internal faces. 
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Figure 8: Measurement results over the course of one day. 

 

Figure 9: Comparison of simulated and measured temperature distributions over the course of one day. 

 

Figure 10: Comparison of simulated and measured air temperatures over the height at typical moments. 

                

Figure 11: Mesh structure for CFD simulation. Figure 12: Comparison of air temperature distributions 

obtained from the measurement, the zonal model and CFD. 
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Abstract

Diffuse Ceiling Ventilation (DCV) is a promising con-
cept to address the internal comfort requirements in
modern buildings. Among various possible configu-
ration, the use of sound absorbing perforated panels
is the most attractive since it does not require sub-
stantial modification in the design of the suspended
ceilings normally present in office room. Numerical
simulations are a valuable tool to evaluate the perfor-
mance of a DCV avoiding the cost of an experimen-
tal campaign. As today, all the numerical studies are
usually carried out by modeling the perforated ceil-
ing as a porous medium, focusing more on its general
performance than on the optimisation of the diffuser
design. In a previous study by the authors, a CFD
model was used to optimise the size and distribution
of the dropped ceiling perforation in a room section,
modeling the actual perforation of panels. This pa-
per presents the results of simulations carried out us-
ing of a full scale numerical model of an office room
with DCV with focus on the performance compar-
ison between a continuous and non-continuous ceil-
ing diffuser surface. The results show that the non-
continuous diffuser design does not affect the internal
comfort. The air velocity distribution in the room is
far below the discomfort limit. In addition, the non-
continuous system does not introduce a significant
increase in the total pressure loss of the ventilation
system.

Introduction

Diffuse Ceiling Ventilation (DCV) is a novel concept
for ventilation in low and plus energy buildings. The
system uses the space between the ceiling slabs and
the suspended ceiling as a plenum for ventilation air.
The fresh air is then distributed in the room trough
the dropped ceiling which acts as an air diffuser. In
office buildings is common to have a suspended ceiling
made of sound-absorbing perforated panels. These
panels, because of their own characteristics, are suit-
able to be used as air diffusers without modifica-
tions. Previous researches demonstrated that DCV
presents several advantages compared to traditional
duct based ventilation. Due to the larger diffuser
area, a higher amount of ventilation air can be dis-

tributed with a low velocity and this reduces the pres-
sure drop in the system while contributing to increase
the internal comfort by avoiding drafts. In addition
this solution has a lower investment cost than tra-
ditional ventilation systems Zhang et al. (2016). In
one of the first studies the DCV was presented by
Van Wagenberg and Smolders (2002) as a solution
to provide sufficient ventilation air in livestock build-
ings. Jacobs et al. (2008) applied DCV to schools
as a retrofitting solution for air quality improvement
and demonstrated a demonstrated in indoor air qual-
ity and thermal comfort. Experimental evaluations of
DCV performances were conducted in a test chamber
by Petersen et al. (2014) and Fan et al. (2013), the
latter using a more detailed office room layout. In
Hviid and Svendsen (2013) the authors tested a full
scale ceiling in a climatic chamber using two different
porous surfaces. The results showed an air change ef-
ficiency equal to fully mixed conditions, excluded any
evidence of thermal discomfort and demonstrated a
very low pressure drop but still sufficient to support
the internal pressure of the plenum and ensure an
uni-directional air flow. The presence of a large vol-
ume in the plenum makes this solution attractive for
coupling diverse air treatment systems with the ven-
tilation, as for example heating and cooling. Zhang
et al. (2015) presented the results of an experimental
campaign in a hot-box facility of a DCV coupled with
a water-based heating system in the ceiling slabs.

Experimental campaign of this kind are expensive
and time consuming, therefore the use of computer
simulation is largely beneficial, at least for the pre-
liminary design of the systems. Numerical simulation
to evaluate the performance of DCV were used by
Mikeska and Fan (2015) and Zhang et al. (2017). In
these and similar studies the dropped ceiling is usu-
ally modeled using the porous medium model. One
of the limitations commonly associated with the use
of DCV is the uneven velocity profile of the air leav-
ing the ceiling perforation. In fact the injection of
air in the plenum takes place either in a single point
such a duct, or, when the DCV is coupled with nat-
ural ventilation from an external wall, through one
of the vertical surfaces of the plenum. In both cases
the air velocity in the plenum tends to decrease with
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the distance from the injection point both for friction
and for the decrease in flow rate due to air already
injected through the diffuser. A proper design of the
suspended ceiling can partially solve this problem by
selectively introducing a different pressure drop. In
previous works, the authors modeled the diffuser as
an actual perforated surface starting from three mod-
els of sound-absorbing panels present on the market.
Using a slice of the plenum as computational domain,
a series of panel distributions were simulated and for
each distribution the velocity profile at the outlet was
evaluated, Nocente et al. (2018). The result brought
to the identification of an optimal panel combination
for the considered room, this was used to build up a
larger numerical domain (a slice of the whole room)
and the internal flow was studied. The analysis of the
results showed the absence of discomfort due to drafts
and the delivery of an adequate amount of ventilation
air. A more comprehensive study of the ”room slice”
domain was repeated in Nocente et al. (2018). Here
the isothermal hypothesis was removed to investigate
the effects on the thermal comfort in case of natural
ventilation with varying outdoor temperature condi-
tions. The solution presented a good impact on the
comfort conditions in a quite large interval of outdoor
temperature. For extreme winter and summer condi-
tions, the authors investigated in a theoretical way
the effect that a ceiling integrated conditioning sys-
tem could have on the internal comfort. The results
were promising for what concerned heating in win-
ter, while it presented more problems such as thermal
stratification in summer conditions and the necessity
of further investigations. The present work compares
the performance of a continuous and a non-continuous
(chessboard) ceiling panel distribution (Figure 1) in a
full scale numerical model of a typical office room. As
mentioned, the low pressure drop introduced by this
ventilation system is one of the advantages, particu-
larly important when natural ventilation is used. A
chessboard distribution may have a positive effect, in
fact the flow leaving the perforation will face a lower
resistance, and the energy saving can overcome the
additional losses caused by a higher air velocity in
the perforation.

Methods

Computational Domain

The computational domain (Figure 2) is constituted
by a room with dimension (W x L x H) 3.6 m x 3.6 m
x 3 m, and a plenum with the same horizontal area
and a height of 0.35 m. The air is injected in the
plenum via the whole vertical plenum surface, this
surface is ideally facing the outer wall.

Two outlets were alternatively considered for the cal-
culation and the two domain are here referred to as
configuration Outlet 1 and Outlet 2. In configuration
Outlet 1 the domain outlet represents an extraction
duct and it is modeled as a square opening with di-

Figure 1: Example of full ceiling panel distribution
(above) and chessboard distribution (below).

Figure 2: Computational domain.

mensions 0.3 m x 0.3 m located on one of the side
walls (i.e. normal to the surface where the plenum
inlet is). Configuration Outlet 2 sees the outlet lo-
cated at the bottom of the wall opposite to the in-
let plane (i.e. the plane ideally containing the door.
It is modeled as an opening with 5 cm height along

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
594

 

 
  



the whole wall on the opposite side of the inlet. The
plenum and the room are separated by a dropped ceil-
ing composed of three different panels designed on the
characteristics of sound-absorbing perforated panels
available on the market. All panels have dimensions
600 mm x 600 mm. The perforation dimension and
the perforation rate is reported in Table 1. The

Table 1: Perforation dimension and rate of the panels
Nocente et al. (2018).

Panel Holes [mm2]
Perforation
Rate [%]

Panel A 3 x 3 11
Panel B 9 x 9 18
Panel C 12 x 12 18

panel distribution follows the result of the calcula-
tions in Nocente et al. (2018) for a room section with
the same length, and the sequence, starting from the
inlet side, is 3 type A, 2 type B and 1 type C. This
distribution have demonstrated to be able to balance
to a certain extent the air velocity unevenness at the
dropped ceiling, with a slight increase of velocity in
the central part of the room. The non-continuous
case considered in this work was designed by replac-
ing every second panel with a non-perforated surface,
alternatively for each row realising a chessboard dis-
tribution.

Numerical Model

The computational mesh counts approximately 120
million mixed cells (polyhedral and cartesian). The
high resolution of the mesh is required to ensure
the presence of a sufficient amount of cells in each
panel hole to perform a satisfactory calculation. All
the simulations were realised using the code ANSYS
FLUENT. A second order upwind spatial discreti-
sation was used along with the SIMPLE algorithm
for the pressure-velocity coupling. The turbulence
was calculated with a standard k-ε turbulence model.
The k-ε model is the most widely used and validated
turbulence model to simulate mean flow characteris-
tics for the flow conditions with applications ranging
from industrial to environmental flows and it has been
highly popular for inner flows. The standard variant
of k-ε is used for simplicity and basic requirement of
initial and boundary conditions of turbulent quanti-
ties. The complexity of the model in terms of di-
mensions, perforation and high density mesh require
a considerable computational effort. The simulations
ran in the supercomputer Vilje Vilje (Vilje) hosted
by NTNU, using a total of 256 cores (16 nodes) and
required around 300 GB RAM. The simulations were
conducted in transient state, assuming a time step
∆t = 0.05 s and 1000 steps. The calculation wall
time was around 24 hrs. The boundary conditions
imposed to the model are inlet velocity and a con-
stant outlet pressure. The velocity at the inlet of the
plenum is constant and it is calculated to provide a

ventilation air flow of 2.4 m3/h per square meter of
room floor area. The outlet was set to atmospheric
pressure. All the calculation are isothermal since the
study focuses on the fluid-mechanic problem without
considering effects induced by different air density. A
constant density, corresponding to air at 20◦C was
used.

Results

The results presented are the average of all the vari-
ables values over all the time steps of the transient
state simulations. Velocities, flow rates and pres-
sure overviews are reported in Table 2 and Table 3.
Each of the tables shows the results for the continuous
and chessboard distribution for the two outlet geome-
tries (Outlet 1 and Outlet 2 ). The average velocity

Table 2: Calculated quantities in the continuous and
chessboard distributions for outlet configuration 1.

CONFIGURATION OUTLET 1
Continuous Distribution

Panels A B C
Avg z velocity

[m/s]
0.0025 0.0064 0.0077

Mass flow rate
(full surface
avg) [kg/s]

0.0023 0.006 0.0037

Pressure drop
[Pa]

0.01

Max velocity
[m/s]

0.13 (at the outlet)

CONFIGURATION OUTLET 1
Chessboard Distribution

Panels A B C
Average z

velocity [m/s]
0.0059 0.0013 0.0014

Mass flow rate
(full surface
avg) [kg/s]

0.026 0.0059 0.0033

Pressure drop
[Pa]

0.01

Max velocity
[m/s]

0.13 (at the outlet)

reported represents the average of the components
along the z-axis of the velocity of the air leaving the
perforation calculated for all the panels of the same
type included in the ceiling configuration. The mass
flow rate is, instead, reported as averaged along the
whole area of the ceiling section containing a certain
type of panels (i.e. the same area in the continuous
and the chessboard case, including the non perforated
panels in the latter). This representation was chosen
to due to the different perforation rates of the panels,
and to give a more direct idea of how the air velocity
out of the diffuser increases while keeping constant
the amount of ventilation air injected. The pressure
drop represent the losses in the whole system and it
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Table 3: Calculated quantities in the continuous and
chessboard distributions for outlet configuration 2.

CONFIGURATION OUTLET 2
Continuous Distribution

Panels A B C
Avg z velocity

[m/s]
0.0025 0.0064 0.0077

Mass flow rate
(full surface
avg) [kg/s]

0.0022 0.006 0.0036

Pressure drop
[Pa]

0.0034

Max velocity
[m/s]

0.063 (at the outlet)

CONFIGURATION OUTLET 2
Chessboard Distribution

Panels A B C
Average z

velocity [m/s]
0.0059 0.0013 0.0014

Mass flow rate
(full surface
avg) [kg/s]

0.026 0.0059 0.0033

Pressure drop
[Pa]

0.0034

Max velocity
[m/s]

0.063 (at the outlet)

is calculated between the inlet and the outlet. In
all cases, the maximum air velocity calculated in the
whole volume is low and concentrated in the immedi-
ate surroundings of the outlet in configuration Outlet
1.

Figures 3 to 6 show the velocity contours on three
horizontal planes in the room and the more detailed
contour of the top plane for the continuous and chess-
board distribution in the two configuration. The
planes chosen for this representation are the room
horizontal mid plane (centre of the room height), the
horizontal plane cutting the outlet in configuration
Outlet 1 (bottom) and the horizontal plane located 4
cm below the surface of the suspended ceiling (top).
The latter was chosen in order to show a fully devel-
oped flow leaving the ceiling perforation. The same
plane is shown in the figures with more contour lev-
els to better report the velocity distribution at the
diffuser.

Discussion

The results reported in Table 2 and Table 3 show a
higher velocity magnitude at the outlet of the per-
forated panels when the chessboard configuration is
adopted in both configuration. This was largely ex-
pected as well the roughly doubled velocity magni-
tude. The pressure drop introduced by the DCV is
low in both configurations. What it is interesting to
underline is that a reduction of approximately two

thirds in the pressure drop is observed between con-
figuration Outlet 1 and Outlet 2, while no substantial
difference is visible in each configuration between the
continuous and the chessboard ceiling. Hence, not
only the choice of the outlet influenced to a higher
extent the pressure drop, but the different panel dis-
tribution seems not to be influencing this parameter.
The maximum air velocity that is observed in the
whole room volume is below the discomfort limit in
the configuration Outlet 2 while it is higher than 0.1
m/s in a small volume in configuration Outlet 1 ISO
7730:2005 (2010). In both configurations there is no
difference continuous and chessboard configuration,
and the higher velocity is always locate in the imme-
diate surroundings of the outlet. The ceiling contours
(right) in Figures 3-6 reveals the velocity distribution
at the ceiling outlet. The results are in line with No-
cente et al. (2018) with small difference probably due
to the larger computational domain. The chessboard
configuration shows a general increase in velocity in
all panels, as expected, but does not show substan-
tial differences between the two outlet configuration.
This suggests that the choice of the outlet does not
influence the performance of the DCV, but also that
the DCV does not influence the internal air circula-
tion in the room. The latter seems, instead, more
influenced by the choice of the outlet geometry. In in
the mid plane of Figures 5 and 6, in fact, a general
lower velocity is observable. In particular in Figure 6
it is possible to identify three zones with higher veloc-
ity on the mid plane otherwise not visible in Figure
4. This means that the jets originated from the first
row of panels arrive undisturbed in the middle of the
room. The very low velocity of this zones, anyway,
does not represent any problem for the internal com-
fort.

Conclusions

The results of the full-scale simulations presented in
this paper, show that the DCV has a positive impact
on the internal comfort conditions of a typical office
room. It delivers sufficient amount of ventilation air
ensuring the absence of draft and working with a low
pressure drop along the whole system. The compar-
ison between the full ceiling and the chessboard dis-
tribution shows that, although the total diffuser area
is halved, thus doubling the velocity of the air leaving
the diffuser, this does not translate into a significant
increase in the air velocity inside the room. In both
cases the air velocity is below the discomfort limit
with an increase of almost one order of magnitude in
the outlet area. Two different outlet configurations
were simulated and the results showed that the influ-
ence of the outlet choice on the performance of the
DCV is negligible. The chessboard panel distribution,
despite increasing the air velocity, did not show any
influence on the dynamic performance of the ventila-
tion system in terms of pressure drop. It was instead
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Figure 3: Velocity contour: 3 horizontal planes(left), the top plane below the ceiling (right) for the continuous
distribution in configuration Outlet 1.

Figure 4: Velocity contour: 3 horizontal planes(left), the top plane below the ceiling (right) for the chessboard
distribution in configuration Outlet 1.

Figure 5: Velocity contour: 3 horizontal planes(left), the top plane below the ceiling (right) for the chessboard
distribution in configuration Outlet 2.
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Figure 6: Velocity contour: 3 horizontal planes(left), the top plane below the ceiling (right) for the chessboard
distribution in configuration Outlet 2.

observed a more marked influence of the outlet choice.
The present calculations suggest a beneficial effect of
the chessboard distribution. The phenomenon behind
this beneficial influence could be related to a positive
entrainment effect favoured by the air jets leaving the
ceiling diffuser. In any case further investigation is
necessary to evaluate and give an estimate of this ef-
fect. In addition, a series of new simulation will be
carried out, removing the isothermal hypothesis at
the inlet and investigating the effect of the outdoor
temperature on the internal comfort when natural
ventilation is used with air injection directly from the
the external wall. The use of CFD simulation to eval-
uate the efficiency and the performance of DCV is a
very valuable tool in the design of these systems. De-
spite the large computational effort associated with
the use of the presented model, the numerical inves-
tigation still represent an economical alternative to
the experimental verifications on a physically built
system. Furthermore, it can reveal the occurrence of
phenomena that, at first sight, might be not trivial.
The evaluation of an eventual change in the sound-
absorbing properties of this kind of panels when used
as air diffuser is not the object of this paper. A se-
ries of experimental measurements on this will be a
valuable research result. An experimental campaign
involving tracer gas and pressure difference measure-
ments on DCV is being performed at the moment.
The results will contribute to the validation and the
eventual tuning of the computational model.
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Abstract 

Air cooled chillers serving high building cooling loads 

such as data centre are prone to air re-entrainment. As air 

re-entrainment is deemed to be specific to each project, it 

is customary to either ignore it or allow a nominal amount 

based on past experience at concept stage. 

This parametric study uses Computational Fluid 

Dynamics (CFD) to evaluate principal components 

affecting air re-entrainment within air-cooled chiller 

compounds. Results shows that air re-entrainment 

increases with wind speed and that at highest wind speed 

air re-entrainment is linearly dependent on plant 

compound length. These linear relationships, which are 

deemed to be adequate for plant compound with heat 

rejection density between 15 and 25kW/m2, can be 

applied at concept design to provide an early estimate of 

air re-entrainment. 

Introduction 

Air cooled chillers are heat rejection equipment used to 

meet building cooling demand. Such equipment rejects 

heat to the outside in order to provide cooling for the 

building that is used for occupant comfort cooling in 

occupied buildings, or equipment cooling in critical 

applications such as data centres. In critical applications, 

the heat rejection equipment is to remain operational 24/7 

even under extreme ambient conditions. To meet this 

requirement, data centre heat rejection equipment is 

selected based on ASHRAE extreme wet-bulb and N=20 

years dry-bulb temperature to meet Uptime Institute 

requirements (Uptime Institute Professional Services, 

LLC, 2012). These selection criteria are more stringent 

than for typical occupied building due to the nature of 

such facilities. 

Data centres have another characteristic that set them 

apart from traditional occupied buildings, such as office 

or residential buildings. These buildings are dominated by 

the cooling demand of the IT equipment rather than fabric 

load and have year-long cooling requirement. In addition, 

IT equipment power density, the amount of IT electrical 

power demand per square meter, is increasing (Brill, 

2006) and data centre are becoming larger and consume 

significant amount of energy with data centre power 

demand of up to 150MW (World’s Top Data Centers, 

2018). The power density and power demand increases 

place a heavy burden on heat rejection system design that 

needs to cope not only with an increase in the amount of 

heat rejected but also with having to reject this heat within 

a smaller building footprint area. 

Placement, wind speed and wind direction are identified 

as having significant effect on hot air recirculation 

(Khankari, 2018). Whilst such recirculation depends on 

the amount of heat rejected and is more likely to be 

observed for large installations, they also affect smaller 

units such as split systems when the local airflow pattern 

results in a local microclimate (Bruelisauer, Meggers, 

Saber, Li and Leibundgut, 2014). 

Air-cooled chillers are particularly vulnerable to hot air 

recirculation and local microclimate. These systems 

typically tolerate short-term exposure to temperature in 

excess of their selection criteria. However, as these 

systems are based on refrigerant, they operate up to a 

maximum operating temperature above which they fail 

due to high-pressure lockout. This mode of failure is 

challenging as the chiller abruptly stops providing cooling 

to the facility, which could result in overheating and 

possible IT failure if the cooling capacity shortfall 

associated with the chiller failure is not compensated for 

or if several chillers are affected. 

Similar hot air recirculation problems are observed in 

large air-cooled condensers plant serving power plants. In 

this application, hot air recirculation results in 

degradation of performance of the air-cooled condensers 

rather than failure. Such applications exhibit similar 

characteristics to critical facilities heat rejection systems 

such as significant heat load dissipated and space 

constraint and have been studied experimentally and 

using Computational Fluid Dynamics (CFD) with good 

correlation (Maulbetsch, DiFilippo and O'Hagan, 2011). 

These studies clearly highlight that the effect of the wind 

on system performance are not only associated with wind 

speed, but also with wind orientation particularly when 

the wind interacts with adjacent buildings and structures 

(Maulbetsch, DiFilippo and O'Hagan, 2011; Borghei and 

Khoshkhoo, 2010). 

This paper presents a parametric study of air re-

entrainment on air cooled chiller plant compounds. The 

study uses CFD to predict the airflow and air re-

entrainment within the plant compound. The analysis 

results are extracted to investigate the possibility of and 

derive, rules of thumb to assess heat re-entrainment at 

concept design. These rules of thumb could be applied at 

concept design, particularly in the design of data centre 

heat rejection systems, to inform initial equipment 
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selection with the opportunity of further refinement once 

the design is documented to a suitable level. 

Methods 

CFD Analysis 

CFD modelling is recognised and applied as a tool to 

investigate semi-external and external spaces (CIBSE, 

2015), including urban wind environment, such as 

described in Ercoftac (2018). The CFD simulations 

presented in this study are conducted using the 

commercial CFD software 6SigmaDCX version 11. The 

commercial CFD software 6SigmaDCX is validated 

against a range of cases that includes natural convection, 

forced convection and low-rise building (Future 

Facilities, 2018) and has been validated against 

experimental measurements in complex data centre 

applications (Ruiz, 2015; Alissa, et al., 2015) . The CFD 

software solves the Navier-Stokes equations for mass, 

momentum and energy using a SIMPLE algorithm to 

steady-state with a two-equation turbulence model. A 

first-order upwind discretization scheme is employed to 

ensure stability. Air is modelled using a 1.2kg/m3 constant 

density fluid with a viscosity of 0.0000184kg/m.s. 

Buoyancy forces are taken into using a Bousinesq 

approximation based on an expansivity of 0.0033/°C. 

The CFD computational domain is centred around the 

chillers plant compound and is extended to allow for the 

establishment of the ambient wind conditions within the 

domain prior to entering the plant compound and 

downwind of the plant compound. 

The CFD computational domain is discretised using 

unstructured meshes consisting of predominantly 

hexahedron cells with hanging nodes ranging between 2.3 

million cells for the smallest computational domain, i.e. 

1x1 chiller plant compound, and 25 million cells for the 

largest computational domain. The mesh generation uses 

the CFD software automated gridding process that relies 

on local grid rules attached to individual objects such as 

chillers, intake and discharge vents, These grid rules have 

been designed to capture the key phenomena associated 

with the object, for example grid extrusion in the direction 

of the flow of discharge vents. The automated gridding 

allows for mesh to be allocated where needed to capture 

flow effects. In addition, mesh refinement zones are 

applied around the plant compound to limit the cell size 

to a maximum of 100mm. Cell sizes are controlled to 

maintain a maximum aspect ratio of no more than 10. 

Meshing rules are similar for all scenario modelled. No 

mesh sensitivity analysis has been undertaken for this 

study. 

Figure 1 shows the chiller plant compound arrangement, 

which consists of the NxN chillers laid out in a regular 

pattern. The chiller plant compound is parametrised using 

the number of chillers in one direction N with N varying 

between 1 and 6. The size of the plant compound is 

dictated by the number of chillers, N; the length of the 

chiller, L; the width of the chiller, W; and the chiller 

spacing requirements for maintenance and airflow, l and 

w, that are nominated in the chiller manufacturer 

documentation. 

The wind scenarios considered are based on three wind 

speeds: calm wind scenario, 5m/s and 10m/s wind speed. 

The 5m/s and 10m/s wind are assessed from 3 directions: 

(1) along the length of the chiller compound, denoted 

direction 1, (2) at a 45° angle from the length of the chiller 

compound, denoted direction 2, and (3) direction along 

the width of the chiller compound, denoted direction 3. 

These scenarios allow to assess the impact of both wind 

speed and wind direction that are expected to impact air 

re-entrainment (Ge, Xiao, Wang and Pu, 2012, Borghei 

and Khoshkhoo, 2010; Khankari, 2018) albeit in a 

building0-free environment.  

 

Figure 1: Plan view of CFD computational domain 

anotating characteristic distances and analysed wind 

directions. 

Under calm wind scenario, the CFD model boundary 

conditions are based on zero pressure boundary 

conditions at the external and sky boundary conditions, 

with specified temperature where air enters the 

computational domain and zero temperature gradient 

where air exits the domain.  

A log law profile based on the nominated wind speed 

achieved at a 10m reference height is applied at the inlet 

boundary condition combined with a zero-gradient 

pressure and fixed temperature boundary conditions for 

the 5m/s and 10m/s wind speed scenarios. Zero-gradient 

boundary conditions are applied for velocity and 

temperature at the outlet boundary conditions together 

with a fixed pressure boundary condition. The sky 

boundary condition is set to a slip wall boundary 

condition to allow for the wind to remain established. The 

sky domain boundary height is set to allow for a ratio of 

chiller plant compound height over domain height of circa 

5% and an overall blockage ratio of less than 1% to ensure 

no unrealistic acceleration of the wind environment due 

to constriction. 

In all model, the ambient temperature is modelled as 

40°C. 

Air-Cooled Chiller Parameters 

The air-cooled chillers are modelled based on chiller 

selection sourced from two different manufacturers based 

on the following selection criterion: 

• Ambient temperature: 40°C; 

• Chiller water fluid type: 100% water; 

N x N chiller plant 

compound 

 

W 

L l 

1 

 3
 

w 
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• Chilled water flow/return temperature: 

23°C/17°C; 

• Chiller cooling capacity: 

o 250kW; 

o 750kW; 

o 1500kW. 

This study uses two manufacturers to ascertain whether 

the choice of manufacturer would result in different 

amount of heat re-entrainment rather than comparison of 

performance, hence chiller manufacturers are 

anonymised. The chillers’ selection from both 

manufacturers use different compressor and free cooling 

technology. The chiller selections’ key parameters 

relevant to the study are listed in Table 3. All chillers are 

2,200mm wide, but have different length, height, 

maximum cooling capacity, input power, number of fans 

and airflow. Chiller heat rejection is defined as the sum of 

the cooling demand, i.e. the amount of cooling to be 

provided by the chiller to the building, and the input 

power, i.e. the power used by the chiller itself to meet the 

cooling. 

The plant compound chiller arrangement is based on the 

manufacturers’ minimum clearance recommendations, 

defined as dimensions l and w in Figure 1 and summarised 

in Table 1. These recommendations are different for both 

manufacturers and are understood to cater for minimum 

space requirements for both airflow and maintenance. 

This study does not investigate increasing clearance space 

above the minimum requirements as most projects are 

likely to be designed to the minimum requirements. 

Increasing clearance space is expected to reduce air re-

entrainment (Khankari, 2018) and is considered an 

airflow management measure. 

Table 1: Minimum clearance requirements 

Chiller Manufacturer Clearance, 

l 

Clearance, 

w 

A/250kW A 2600mm 2600mm 

A/750kW A 2600mm 2600mm 

A/1500kW A 2600mm 2600mm 

B/250kW  B 1100mm 2300mm 

B/750kW B 1100mm 2300mm 

B/1500kW B 1100mm 2300mm 

Each chiller is represented using a black-box model as 

shown in Figure 2 that is based on the physical external 

dimensions of the chiller. The black-box model represents 

the chiller as a block with 2 intakes on each elongated side 

and discharge vents. Each discharge vent is modelled 

using a swirling fan model accounting for the fan diameter 

and fan hub diameter with a 0.3 swirl factor. The chiller 

airflow is equally split between the intake vents and the 

discharge vents. The discharge vent air temperature is 

based on the averaged intake air temperature raised by the 

chiller total heat rejection, defined as the sum of cooling 

capacity and input power, thereby allowing coupling of 

the discharge conditions to the intake conditions. This 

approach is similar to the approach taken in Khankari 

(2018) and allows for a representation of the chiller 

behaviour without the complexity of modelling chiller 

individual components, whose performance and 

characteristics are unknown. 

 

Figure 2: Chiller representation 

Dataset 

The CFD analysis undertaken for this study is used to 

define a parametric dataset. The dataset parameters are 

summarised in Table 2 and the dataset consists of 252 

simulation results data-points. 

Table 2: Dataset parameters 

Parameter Values 

Manufacturer A / B 

Chiller cooling capacity 250kW / 750kW / 1500kW 

Plant compound size 1x1 / 2x2 / 3x3 / 4x4 / 5x5 / 

6x6 

Wind speed Calm / 5m/s / 10m/s 

Wind direction (1) Length-wise / (2) Diagonal 

/ (3) Width-wise 

The dataset is employed to extract correlation between 

chiller plant compound parameters, aka input data 

vectors, and air re-circulation outcomes, aka output data 

vectors, predicted by the CFD simulation using 

statistical analysis. To allow the statistical analysis to be 

undertaken, the dataset is articulated around the input 

parameters characterising: 

• Chillers: chiller length L, chiller width W, chiller heat 

rejection 𝑄𝐻 , chiller airflow 𝑄𝑉, chiller temperature 

rise ∆𝑇𝐶𝐻;  

• Plant compound: number of chiller 𝑁, plant 

compound length 𝐿𝑃𝐶 , plant compound width 𝑊𝑃𝐶 , 

plant compound area 𝐴𝑃𝐶 , total heat rejected 𝑄𝐻,𝑃𝐶 , 

total airflow 𝑄𝑉,𝑃𝐶 ; and 

• Wind: wind speed, wind direction. 

The following two output parameters characterising the 

hot air re-entrainment are extracted from the CFD 

simulation: (a) the Most Affected Chiller Intake 

Temperature Rise is the intake temperature rise reported 

at the chiller with the highest intake temperature rise and 

(b) the Average Chiller Intake Temperature Rise is the 

intake temperature rise averaged over all chillers within 

the plant compound. 

Whilst the Most Affected Chiller Intake Temperature Rise 

quantifies the impact of the air re-entrainment on the most 

affected equipment, i.e. equipment most at risk of failure, 

the Average Chiller Intake Temperature Rise quantifies 

how air re-entrainment affects the plant compound as a 

Discharge 
Intake 

L 

W 

H 
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whole and quantifies the impact of air re-entrainment on 

plant efficiency. 

The statistical analysis of the dataset results uses principal 

component analysis as described in Buskirk (2018). Input 

and output data vectors are presented as normalised input 

and output data vectors. The normalisation process 

consists of shifting the data vector to ensure a zero mean 

and scaling it by the standard deviation to limit its spread 

as indicated in equation (1). Scaled data vectors are 

identified as normalised data vectors with their physical 

counterpart referred to without the prefix normalised. 

 𝑑𝑖
∗ =

𝑑𝑖−〈𝑑〉

√∑ (𝑑𝑗−〈𝑑〉)
2𝑁

𝑗=1

 (1) 

Where 𝑑𝑖
∗ denotes the normalised output parameter value 

for scenario 𝑖, 𝑑𝑖 denotes the unnormalised output 

parameter value for scenario 𝑖, 〈𝑑〉 the average of the 

output parameter values across all scenarios, and 𝑁 the 

number of scenarios. 

Results 

The results are presented in two stages. In the first stage, 

the results are described to identify the key phenomena 

driving air re-entrainment, hereby providing insight in the 

interaction between the wind environment and chiller 

plant compound. In the second stage, the dataset is 

analysed using statistical methods to identify correlations. 

Qualitative Analysis 

Simulations are conducted for plant compound ranging 

from 1x1 to 6x6 chillers. Figure 3 presents the Most 

Affected Chiller and Chiller Average Intake Temperature 

Rise extracted from the analysis results for the chiller 

A/750kW under calm ambient wind condition. The Most 

Affected Chiller, located in the centre of the plant 

compound as shown in Figure 4, is pulling air throughout 

the plant compound and hence is more likely to re-entrain 

air that has been discharged by adjacent chillers. This 

effect becomes more pronounced as the number of 

chillers increases. The Chiller Average Intake 

Temperature Rise also increases with the number of 

chillers, albeit by a lower amount as the intake 

temperature increase observed at the chillers located in 

the centre of plant compound is compensated by the 

chillers located at the perimeter of the plant compound 

that have very low amount of air re-circulation. Similar 

behaviour is observed for all chillers regardless of 

manufacturer and size. 

The local wind environment, defined by wind speed and 

wind direction in relation to the plant compound, has an 

impact on the air re-entrainment as expected and 

described in Khankari (2018) although with some 

difference due to the inclusion of a side building 

investigated in Khankari (2018) and the larger number of 

variation in chiller size and plant compound size 

investigated in the present study. 

 

 

Figure 3: Air intake temperature rise above ambient for 

chiller A/750kW under calm scenario. 

 

Figure 4: Chiller coloured by intake temperature for 

chiller A/750kW under calm scenario and 5x5 plant 

compound. 

The wind speed generally increases the chiller air 

recirculation compared to calm wind environment due to 

the wind entraining the chiller discharged air. Whilst the 

Chiller Average and Most Affected Chiller Intake 

Temperature Rise increase with wind speed at 5m/s and 

10m/s wind for plant compound of 3x3 chillers or less, the 

opposite generally occurs when the plant compound 

increases to 4x4 chillers or above. 

The impact of the wind speed also varies with wind 

direction. Wind direction 3, where the wind is oriented 

perpendicular to the chillers, is generally found to result 

in lower overall intake air temperature than wind direction 

1 and 2. Furthermore, the air intake temperature reported 

under this wind direction is also shown to be sensitive to 

the wind speed with higher wind speed resulting in lower 

air intake temperature when the plant compound exceeds 

4x4. This observation is different from the observations 

made in Khankari (2018) and is attributed to the use of 

plant compound in NxN configuration rather than the 4x1 

configuration employed in Khankari (2018). In this study, 

the NxN plant configuration limits the amount of 

unaffected ambient air being drawn to only the chillers 

located at the perimeter of the plant compound and the 

increased wind speed result in higher dispersion of the 

chiller discharge air and a reduction in intake temperature 

rise. 

The effect of the plant compound size on chiller discharge 

plume is shown in Figure 9 for chiller A/1500kW under 

5m/s wind in direction 1. This setup is considered as it is 

results in high level of air re-entrainment. The figure 

shows the discharge of one chiller, marked using 

streamlines from each of the 22 fans, located at the most 
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upwind and at the end of the plant compound for plant 

compound size ranging from 1x1 to 6x6. 

The chiller discharge in the single chiller, i.e. 1x1 plant 

configuration, shows symmetric air discharge patterns 

with no recirculation occurring. When the plant 

compound size is increased, the discharge patterns are no 

longer symmetric, but show preferentially entrainment 

towards the outside of the plant compound, where the 

discharge shows a vortex airflow pattern. This 

preferential entrainment is attributed to the interaction 

with the adjacent chillers’ discharge that displace the 

discharged air for the considered chiller to the outside of 

the plant compound. This effect becomes more 

pronounced when the plant compound size increases. 

The streamlines indicate that the chiller discharge enters 

a vortex pattern that appears centred over the edge of the 

plant compound. It is anticipated that this vortex is formed 

as a combination of the following factors: interaction of 

the wind with the chiller’s obstruction, displacement of 

the wind by the chiller discharge and air demand from the 

chiller at low level. This vortex effect starts to appear 

from plant compound size of 2x2 onwards. Although at 

this plant compound size, the downwind chillers do not 

appear affected by air recirculation. When the plant 

compound size increases to 3x3 and above, the air 

discharge plume vortex increases, and the discharge 

plume starts to affect downwind chillers with streamlines 

indicating that some discharge air is being re-entrained at 

downwind chillers. This effect is anticipated to increase 

by compound effect when intake air temperature increase 

result in discharge air temperature increase that further 

affect downwind chillers. 

Statistical Analysis 

The interaction between chillers and wind environment is 

complex and difficult to represent using a simplified 

bottom-up, physics-based model. Instead, a statistical 

approach is employed to represent this interaction using 

representative inputs characterising chiller, chiller plant 

compound, and wind environment and representative 

outputs quantifying air re-entrainment. 

The analysis of the dataset’s normalised input vectors 

shows correlation between total heat rejection over the 

plant compound and total airflow and plant compound 

length and areas. The correlations between total heat 

rejection 𝑄𝐻,𝑃𝐶  and total airflow 𝑄𝑉,𝑃𝐶  and plant 

compound length  𝐿𝑃𝐶  are shown in Figure 5. 

The correlation between plant compound total heat 

rejection and airflow indicates a linear relationship with 

little difference between manufacturers. Indeed, chiller 

heat rejection and airflow are related by the temperature 

rise across the chiller, which varies between 8.1°C and 

12.3°C and is constant for each chiller model. 

Plant compound total heat rejection and plant compound 

length are strongly coupled albeit by a non-linear 

relationship. The relationship between these two 

parameters can be explained through reasoning. The total 

heat rejection depends on number of chillers, NxN, and 

chiller heat rejection. The chiller heat rejection is related 

to the length of the chiller, with heat rejection per linear 

meter length of chiller varying between 67kW and 151kW 

per meter length. The plant compound length depends on 

the number of chillers in the length direction, N, the length 

of the chiller and the clearance between chiller in the 

lengthwise direction. Combining these two expressions 

make it clear that whilst the plant compound length varies 

linearly with the number of chiller N, the total heat 

rejection varies with the square of the number of chiller 

N, thereby resulting in the relationship observed. 

 

Figure 5: Correlation of total heat rejection with total 

airflow and plant compound length. 

The statistical analysis is undertaken into two steps. In the 

first step, a principal component analysis is undertaken to 

evaluate the dominant input vector parameters for each 

output vector parameter. In the second step, linear 

correlations are evaluated based on their fit, measured 

using R-squared or coefficient of determination. 

The principal component analysis is undertaken for the 

whole dataset and is repeated for the Chiller Average and 

Most affected Chiller Intake Temperature Rise. In both 

cases, the principal component identifies the plant 

compound length 𝐿𝑃𝐶  as the most dominant component, 

with a correlation coefficient of 0.92 and 0.89 against the 

Chiller Average and Most Affected Chiller Intake 

Temperature Rise when considering all data points. 

However, a plot of the dataset shows a high spread in 

results indicating that whilst area length is the dominant 

parameter it is not the sole parameter. If the area length 

was the sole dominant parameter, it would infer that air 

re-entrainment only depends on the size of the plant 

compound. In such case, the same level of air re-

entrainment would be anticipated for calm wind and 

10m/s wind scenarios, which is not consistent with the 

airflow pattern observed and discussed in the previous 

section. 

To refine the analysis, the dataset is divided to consider 

each wind scenario individually. This process results in 7 

smaller datasets that include results from both 
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manufacturers. The principal component analysis is 

repeated for each of the 7 datasets separately. The analysis 

shows that the plant compound length 𝐿𝑃𝐶  remains the 

dominant component in all wind condition analysed, with 

correlation coefficients ranging between 0.91 and 0.99.  

Higher correlation coefficients are reported for higher 

wind speed, which is taken as an indicator that as wind 

speed increases the impact of the difference between 

chillers decreases. 

Figure 6 and Figure 7 plots the normalised Chiller 

Average and Worst Affected Chiller Intake Temperature 

Rise against the normalised plant compound length for the 

calm wind dataset and the wind direction 1, 10m/s wind 

speed dataset. The latter dataset is used as this wind 

condition results in higher air re-entrainment. 

The distribution of the data points indicates that a linear 

approximation of the chiller intake temperatures can be 

used when manufacturers are considered individually. 

The linear approximation of chiller air intake temperature 

with plant compound length provides a better fit at high 

wind speed, R-squared of 0.95 to 0.98, than in the calm 

wind scenario, R-squared of 0.82 to 0.95. This is 

attributed to differences in air re-entrainment process 

between calm and high-wind scenarios. 

In calm wind scenarios, the air re-entrainment is driven 

by the air aspiration from the chillers that drives ambient 

air within the chiller compound and is affected by 

clearance spaces, chiller height for example. In high wind 

scenarios, the air re-entrainment is driven by the 

entrainment of chiller discharge by the ambient wind that 

can be intuited to linearly depend on the travelling air 

distance, namely the plant compound length for wind 

direction 1.  

The comparison of the analysis results for both 

manufacturers highlights a difference in the amount of air 

re-entrainment in the calm wind scenario with the air re-

entrainment predicted for chillers of manufacturer B 

being lower than for manufacturer A regardless of the 

chiller size. This difference is attributed to chiller 

characteristics such as chiller height and clearance spaces 

that are different between the manufacturers and affects 

air re-entrainment in low wind only. 

As the wind speed increase, the difference between the 

manufacturer narrows down with the 10m/s wind speed 

results showing little difference. 

Using the dataset limited to the wind direction 1, 10m/s 

wind speed condition, a linear interpolation is extracted 

for the normalised Chiller Average and Most Affected 

Chiller Intake Temperature Rise that is based on the data 

from both manufacturers combined. The dataset and 

linear interpolation are shown in Figure 8, which indicates 

nearly identical linear interpolation coefficients for the 

Chiller Average and Most affected Chiller Intake 

Temperature Rise. Thus, indicating that both output 

vectors are affected similarly, albeit with different 

magnitude. 

 

 

Figure 6: Correlation between normalised chiller intake 

temperature and normalised plant compound length 

under calm wind conditions 

 

Figure 7: Correlation between normalised chiller intake 

temperature and normalised plant compound length 

under wind direction 1 and wind speed of 10m/s 

 

Figure 8: Correlation between normalised chiller intake 

temperature and normalised plant compound length 

under wind direction 1 and wind speed of 10m/s 

considering a dataset composed of both manufacturer 

results. 

The linear interpolation can be rewritten as the following 

estimates: 

• Chiller Average Temperature Rise estimate: 

 ∆𝑇 = 8.7 𝑚𝑎𝑥 (
𝐿𝑃𝐶−38.9

26.8
, −1) + 9.0 (2) 

• Most Affected Chiller Temperature Rise estimate: 

 ∆𝑇 = 18.7 𝑚𝑎𝑥 (
𝐿𝑃𝐶−38.9

26.8
, −1) + 19.5 (3) 
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These estimates are practical and could be used to predict 

that a 25m long air-cooled chiller plant compound is 

estimated to result in a 5°C(10°C) average (most affected) 

temperature rise. However, their application needs to 

consider that they are derived from analysis using fixed 

parameters such as plant compound arrangement, 

clearance space, orientation, lack of adjacent building, 

and based on a 10m/s wind speed and for air cooled chiller 

plant compound having a heat rejection density between 

15 and 25kW/m2. Consequently, caution would be 

recommended whilst the extent and limitations of such 

formulation are investigated. 

Conclusions 

This study investigates air-cooled chiller plant compound 

to establish dominant plant compound and environmental 

parameters affecting air re-entrainment at the air-cooled 

chillers. A parametric dataset considering, number of 

chillers, chiller cooling capacity, manufacturer, wind 

speed, wind direction, is analysed using Computational 

Fluid Dynamics (CFD) to predict air re-entrainment. 

The analysis of the CFD results highlights different mode 

of air re-entrainment for calm and wind scenarios, and 

different chiller plume behaviour for increasing number 

of chillers in plant compound. The dataset shows highest 

level of air re-entrainment when the wind is aligned with 

chiller length and highest wind speed analysed. 

The statistical analysis of the dataset highlights that there 

is a difference in air re-entrainment for different chiller 

manufacturer at low wind speed, but this difference 

becomes negligible at higher wind speed. The principal 

component analysis indicates that the plant compound 

length is the dominant component and air re-entrainment 

can be estimated from this parameter using a linear 

relationship. 

The study derives a linear approximation of air re-

entrainment from the plant compound length, which is 

deemed to be valid for heat rejection density between 15 

and 25kW/m2, that could be employed at early concept 

design to estimate air re-entrainment for chiller selection. 

Caution in the application of this relationship is 

recommended whilst its limitation is investigated. 
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Table 3: Chiller selections' key parameters 

 Manufacturer Cooling 

Capacity 

Width, W Length, L Height, H Input 

power 

Maximum 

Airflow 

A/250kW A 250kW 2200mm 2626mm 2800mm 54kW 25m³/s 

A/750kW A 750kW 2200mm 7154mm 2800mm 171kW 76m³/s 

A/1500kW A 1500kW 2200mm 12814mm 2800mm 445kW 139m³/s 

B/250kW B 264kW 2200mm 5160mm 2450mm 85kW 36m³/s 

B/750kW B 762kW 2200mm 9520mm 2450mm 236kW 72m³/s 

B/1500kW B 1519kW 2200mm 17850mm 2450mm 459kW 134m³/s 

 

 

Figure 9: Chiller discharge airflow pattern for chiller A/1500kW in 1x1, 2x2, 4x4 and 6x6 plant compound under wind 

direction 1, 5m/s wind speed. 

 

 

 

1x1 plant compound 

2x2 plant compound 

4x4 plant compound 

6x6 plant compound 
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Abstract 

The current methods for the prediction of the heat flow 

through building entrance doors have been used for years 

while involved with a certain degree of uncertainty. This 

paper describes an experimental method that accurately 

quantified such heat flow. The experiment monitored 

local environmental parameters in a college building on a 

cold winter day. The results of the experiment 

demonstrated that the experimental method is viable to 

accurately estimate the heat flow throughout the entrance 

doors and the presence of a vestibule moderated heat 

losses from the conditioned area. The results will be used 

for validating the existing methods.  

Introduction 

Natural ventilation has been widely used in various ways 

in order to reduce building cooling loads and to maintain 

indoor air quality (Chen, 2009). As ventilation and 

infiltration take a large portion of building loads, many 

studies have investigated methods to implement various 

strategies for maintaining indoor environments in 

buildings (Han et al., 2015; Chiu and Etheridge, 2004; 

Goubran et al., 2017). Methods have been developed to 

estimate wind pressure distribution on outside building 

surfaces (Chiu and Etheridge, 2004; Muehleisen and 

Patrizi, 2013; Younes et al., 2011; Shaw and Tamura, 

1977). Swami and Chandra (1988) developed empirical 

models that predict the wind pressure coefficient Cp. 

Studies have done wind tunnel tests and presented 

surface-averaged wind pressure coefficient (Ernest et al., 

1992; Muehleisen and Patrizi, 2013; Chiu and Etheridge, 

2004; Goubran et al., 2017). These results and models 

have been implemented in building energy simulation 

programs such as EnergyPlus and ESP-r (E+ ESP-r). In 

addition, many models have been developed to predict 

infiltration rates. They include single zone models such as 

LBL model and AIM-2 model (Walker and Wilson, 1990) 

as well as multi-zone models such as COMIS and 

CONTAM (Dols and Polidoro, 2015; Feustel, 1998).    

The majority of the previous works focused on natural 

ventilation and infiltration rates through openings and 

cracks on building envelope as discussed above. Airflow 

through building entrance doors have been relatively less 

studied while it involves considerable energy losses (Cho 

et al., 2010; Yuill et al., 2000; Han et al., 2015). Yuill et 

al. (2000) investigated infiltration rates through automatic 

doors and developed an empirical model to estimate 

infiltration as a function of door usage rate, the differential 

pressure across doors, and door geometry. Kohri (2001) 

developed a simulation method to estimate door opening 

areas and approximated outdoor airflows rates through 

two different doors in an office building. Cho et al. (2010) 

estimated the energy saving impacts of ASHRAE 90.1 

vestibule requirements by using EnergyPlus simulation 

program. The simulations predicted that vestibules in a 

strip mall resulted in the average percentage energy 

saving of 5.61%. Mahajan et al. (2015) proposed a model 

that predicts airflow rates through automatic doors for 

low-rise buildings. The results of a case study in a 

restaurant building showed that double sliding doors with 

a vestibule were more effective than double swing doors 

with a vestibule. 

The accurate prediction of wind-driven airflow rates 

through building entrance doors is very difficult since 

wind profiles around buildings vary with time not only 

because of the nature of wind but also because of such 

physical conditions of buildings as orientation, height, 

and terrains. In general, the heat flows across building 

entrance doors have been determined based on the 

infiltration rates estimated by the methods discussed 

ahead. Such methods involve with some degree of 

uncertainty and the predictions by the methods are 

typically inaccurate. To that end, an experimental method 

has been developed to accurately estimate heat flows 

through building entrance doors. It describes the 

experimental method and presents the results of the 

experiment.  

Method 

Building  

A field measurement was undertaken in an 8-story 

campus building at New York City College of 

Technology of the City University of New York on a cold 

winter day. The building is located in Brooklyn, NY, 

USA. Four swing doors with 180-degree swing capacity 

are on the outer side of a vestibule and four swing doors 

with 90-degree swing capacity toward the outside are on 

the opposite side as shown in Figure 1. One of the four 

swing doors on each side is an automatic door. Figure 1 

illustrates the shape of the vestibule space and the 

measuring parameters. A fan coil unit in the vestibule 

provided heating during the course of the measurement 

while a central air-conditioning system conditioned the 

lobby through ceiling diffusers. A special feature of the 
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building entrance area is a glass structure in front of the 

entrance doors along the south and east sides of the main 

entrance area as shown in Figure 1. The glass structure 

blocks the direct winds from the south and east and the 

wind profile in the area differed from the street level. The 

areas of the vestibule and the lobby are approximately 

13.3 m2 and 118.4 m2, respectively. 

 

 

Figure 1: Front and plan views of the building lobby 

area and the measuring positions of the parameters.   

Instrumentation  

The measurement monitored both outdoor and indoor 

environments. Table 1 shows the instruments and sensors 

used for the measurement. A HOBO U30 data logger 

monitored local wind profiles in front of the entrance 

doors within approximately 5 meters. HOBO MX2301 

temperature/RH data logger recorded the outdoor thermal 

environment. An occupancy-light data logger HOBO UX 

90 collected data for the frequency and time of door 

openings every second. HOBO U10 temperature data 

logger measured indoor air temperature at various 

positions as indicated in Figure 1. Air velocity and 

differential pressure across the entrance doors were 

manually measured by TSI Alnor velometer and HOBO 

T-VER-PXU-L Differential Air Pressure Transducer, 

respectively. Hobo U 10 temperature sensors measured 

the indoor air temperature in the vestibule and the lobby 

at multiple locations as shown in Figure 1. 

Procedure 

The HOBO U30 data logger was set to be communicated 

with the HOBO link web-based software platform that 

stored all the data remotely. The other sensors such as 

HOBO U10, UX90, and MX2301 were launched to 

record the data at the desired time intervals. They were 

then deployed at the designated measuring positions to 

monitor the indoor and outdoor environments, as well as 

entrance door usage. The measurement of the velocity of 

the airflow and differential pressure across the entrance 

doors followed when the door usage was low.  

The door area was divided into six sections and both air 

velocity and differential pressure were simultaneously 

measured at the center point of each section from the top 

left point to the bottom right point in order as shown in 

Figure 2. Two outer doors (door 1 and 2) and one inner 

door (door 3) were selected. The dimensions of the inner 

and outer doors are identical. The outer two doors open to 

the opposite direction outward and inward as shown in 

Figure 1. The measurement began by opening a 

measuring door 90 degrees outward when the indoor 

pressure is stabilized. The door was opened during the 

course of the measurement. The simultaneous 

measurement of the two parameters across the entrance 

doors took approximately 1 minute. All the other doors 

were closed when the parameters were being measured.    

The direction of the airflow was determined by the 

differential pressure between the outdoor and the 

vestibule across the outer entrance doors (door 1 and 2) 

and between the vestibule and the lobby for the inner door 

(door 3). It was assumed that the pressure inside of the 

building is greater than the outside and the high side end 

in the differential pressure transducer was set to be indoor. 

That is, the high-side end was set to be the vestibule for 

the door 1 and 2 and the lobby for the door 3.  

 

Table 1: Measurement parameters and the specification of the instruments and sensors. 

Measurement Instrument Interval Range Accuracy Resolution 

OA Temp/RH  HOBO MX2301 1 min -40-70°C ±0.2°C 0.04°C 

Indoor Temperature HOBO U10 1 min -20-70°C ±0.53°C 0.14°C 

Door Usage HOBO UX90-6M 1 sec 12m / 102° - - 

Air Velocity (AV) TSI Alnor Velometer AVM 430 - 0-20 m/s ±5% 0.01 m/s 

Differential Pressure 

(DP) 
HOBO T-VER-PXU-L Differential 

Air Pressure Transducer 

- 249 Pa ±1% - 

Wind Speed (WS) HOBO U30 1 min 0-76m/s ±4% 0.5m/s 

Wind Direction (WD) HOBO U30 1 min 0-355° ±5° 1.4° 
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Figure 2: Measuring points for velocity and differential 

pressure over the entrance door area. 

The differential pressure across the entrance doors 𝑃𝑑𝑖𝑓𝑓  

in Pa was determined as follows: 

 𝑃𝑑𝑖𝑓𝑓 = 𝑃ℎ − 𝑃𝑙  (1) 

where 𝑃ℎ  is the high-pressure side and 𝑃𝑙  is the low-

pressure side.  

During the measurement of these two parameters, the 

readings from the instruments were made when the 

displayed values on the instruments became stable in 

order to avoid the impact of the highly inconsistent wind 

gusts. The measurement was restarted if any of the other 

doors than the measuring one was opened since the use of 

other doors causes a significant change in the pressure 

profile in the vestibule. The volumetric flow rate of the 

airflow Q in m3/h through the entrance doors can be 

defined as follows: 

 𝑄 = 3600𝐴𝑉 (2) 

where A is the area of the entrance doors in m2 and V is 

the velocity of the airflow in m/s. As from the energy 

equation, the rate of heat transfer of the airflow �̇�  in 

Kcal/h is expressed as: 

 �̇� = 0.29𝑄∆𝑡 (3) 

where ∆𝑡 is a temperature difference in °C. A conversion 

factor of 1.163 was used to convert the heat transfer rate 

in Kcal/h to Watts.  

Result 

Figure 3 illustrates one set of measurements for the 

velocity of the airflow across the entrance doors and the 

differential pressure. It displays one data set for each door 

that has the same or similar outdoor wind speeds. All the 

measured differential pressures were a negative value. As 

form equation (1), the negative differential pressures 

showed that the outdoor pressure driven by the wind is 

greater than the indoor and it determines the direction of 

the airflow through the entrance doors. To that end, the 

measured differential pressures indicated that the cold 

outdoor air flowed from the outdoor to the indoor 

throughout the entire area of the entrance doors during the 

course of the measurements when they were opened.  

The differential pressure profile across the outer entrance 

doors (door 1 and 2) showed a similar trend while the 

outdoor wind speed and direction varied. In general, the 

average differential pressures at the top were the greatest 

across the outer doors while the middle was the lowest. 

This profile in the differential pressure is a notable trend 

in the results of the measurements for the outer doors. 

When the outer doors were opened, the wind-driven 

airflow pressurized the vestibule space and caused air 

motions from the upper portion to the middle due to a 

vertical temperature gradient. This characteristic of the air 

diffusion in the vestibule led such pressure distribution 

across the outer doors.  

 

Figure 3: Differential pressure and air velocity profile 

across the selected doors. 

The differential pressure profile for the inner door (door 

3) was fairly constant across the door as shown in Figure 

3. The differential pressure was lower than that of the 

outer doors as the wind-driven pressure was lessened 

when the cold outdoor air mixed with the warmer air in 

the vestibule. The differential pressure in the middle was 

greater than the top and bottom, which differs from the 

pressure profile in the outdoor doors. The pressure profile 

across the inner door varied with each measurement and 

no considerable trend was found. Unlike the vestibule, the 

pressure profile in the inside building, i.e., the lobby area, 

seems stable as the volume of the space is much larger 

than the vestibule and the central air-conditioning system 

consistently supplied the required heats through the 

ceiling diffusers. 

 

Figure 4: Outdoor and indoor air temperature 

variations at the measuring points. 

Figure 4 shows variations in the temperature of the 

outdoor air measured by the weather station and the 

indoor air at the four measuring points at approximately 

1.1m height. as shown in Figure 1. The outdoor weather 
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was very cold and the air temperature (To) ranged from -

11.3°C to -7.0°C. The air temperature in the vestibule 

(T1) varied significantly within 6.6°C band as the cold 

outdoor air directly affected when the doors were opened. 

The indoor temperature variations (T2, T3, and T4) were 

very constant. The average temperature difference 

between the inner lobby area (T4) and the outer (T2) was 

only 0.6°C. The air temperature in the vestibule decreased 

by the infiltration though a small-sized fan coil unit heated 

the vestibule. These temperature variations indicated that 

the impact of the cold outdoor air was fairly limited to the 

vestibule. 

The air velocity of the airflow across the entrance doors 

varied significantly as shown in Table 2. The average air 

velocity (AV) across the door 3 was 0.19m/s while those 

for the door 1 and 2 were 1.01m/s and 0.62m/s, 

respectively. The air flow rate across the inner door (door 

3) is thus much lower than the outer doors (door 1 and 2) 

as the areas of the doors were identical. A larger volume 

of the cold air flowed through the outer doors in the 

vestibule due to a great pressure difference between the 

outdoor and the vestibule, as well as the greater 

temperature difference. The velocities of the airflow 

through the entrance doors showed no direct relationship 

with the outdoor wind speeds. It is noted that the current 

analytical models and building performance simulations 

determine the natural airflow rates based on the 

magnitude of the wind speed as described in the 

Introduction section. 

Table 2 demonstrates how much heat flowed through the 

selected entrance doors. The heat flows are the function 

of the air flow rate and the temperature difference as 

expressed in the energy equation (3). The temperature 

differences across the outer doors and the inner doors 

showed a significant difference. The temperature 

difference across the door 3 (T2-T1) was nearly 3 times 

lower than that across the outer doors (T1-To). Two main 

variables such as the air flow rate and the temperature 

difference across the door 1 and 2 were much higher and 

the heat transfer rates across the outer entrance doors were 

much greater than the indoor. As the air velocity of the 

inflows determined the air flow rate across the entrance 

doors, it is a dominating parameter for the calculation of 

the heat transfer rate of the cold airflow.  

The greatest differential pressure was found in the outer 

doors and the heat transfer rate of the data set was the 

lowest. The differential pressure across the door 3 was 

relatively lower and constant. The highest one appeared 

to be -0.62Pa. The heat transfer rate of the case where the 

differential pressure was the lowest was the greatest. The 

data set in Table 2 showed no direct relationship between 

the air velocity of the inflows and the heat transfer rate of 

the airflow in both the outer and inner doors.  

Conclusion 

This study developed an experimental method to 

accurately estimate heat flows through main entrance 

doors in a college building on a cold winter day. The 

measurement of the local environmental parameters and 

differential pressures as well as the air velocity across the 

entrance doors enabled the accurate quantification of the 

heat flows by the wind-driven airflow when the doors 

were opened. The results of the pressure distribution 

across the entrance doors demonstrated that the air flows 

toward the inside of the building throughout the opening 

areas of the outer and inner doors in the vestibule. The 

majority of the heat flow took place through the outer 

doors in the vestibule and the presence of the vestibule 

effectively lessen heat losses from the lobby area 

conditioned by a central air-conditioning system. The 

results of the measurements showed no direct relationship 

between the magnitude of the heat flow and the pressure 

distribution across the entrance doors. The wind speed has 

also no relationship with the heat flow. As a result, an 

advanced method is needed to accurately predict the heat 

flows through the building entrance doors. 

In addition, it is needed to collect more data to analyze the 

characteristics of the heat flow in different buildings, door 

types, and seasons. The results can be used to validate the 

existing methods that have been widely used. 

 

Table 2: Heat flows through inner and outer entrance doors in the vestibule space under different weather conditions. 

Parameters Outer Door (Door 1 & 2) Inner Door (Door 3) 

WS (m/s) 1.52 2.28 0.76 1.52 2.28 1.52 

WD 132 41 44 27 67 41 

Velocity (m/s) 0.83 1.01 1.19 0.25 0.16 0.19 

DP (Pa) -1.24 -0.55 -1.12 -0.42 -0.45 -0.62 

Q (m3/h) 5,438 6,618 7,797 1,638 1,048 1,245 

ΔT (°C) 21.7 21.8 21.8 7.7 7.9 7.6 

�̇� (Watts) 39,660 48,686 57,428 4,254 2,793 3,191 
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Abstract

The rapidly growing computational capacity has
made CFD simulations an attractive tool for indoor
environmental applications. The ability of CFD to
perform transient simulations could be incorporated
into model predictive control systems for buildings in
order to correctly reproduce prompt disturbances in
the air field, such as opening doors and windows or
changes in occupants behaviour. In this work, two
characteristic configurations which mimic typical air-
flow patterns inside buildings are studied using dif-
ferent grid sizes and turbulence models. Case one is
a tall turbulent differentially heated cavity and case
two is the turbulent mixed convection in a ventilated
square cavity. The Spearman’s rank correlation coef-
ficient for transient simulations is compared against
computational time for different CFD approaches,
and the possibility of performing real-time simula-
tions is evaluated. Among different turbulence mod-
els studied, the no-model approach with symmetry
preserving discretization has shown the best overall
performance in terms of computational cost and ac-
curacy of the results.

Introduction

The proper function of heating, ventilation and air
conditioning (HVAC) systems has a direct impact on
occupants thermal comfort, which has a big influence
on their productivity and satisfaction. Nowadays the
majority of HVAC systems are mechanical and ac-
count for approximately 76% of the overall energy
consumption in the residential and commercial build-
ings, according to IEA (2008). The rapidly increasing
demand for energy efficiency and the long lifespan of
the buildings makes fast calculation of indoor air dis-
tribution important for a vast number of applications,
including the design of efficient ventilation setups and
model predictive control (MPC) of building HVAC
systems using real-time weather and occupants be-
haviour data.

The air distribution in the buildings can be evaluated
by analytical or empirical models, as well as computer
simulations. The latter allows a high degree of flex-
ibility in addressing the problems, while analytical
and empirical models do not permit to describe in-

door airflow in its full complexity. The main tools
for computer simulations of indoor environments are
the multizone (airflow network) models, zonal mod-
els and Computational Fluid Dynamics (CFD) (Chen
(2009). Multizone models have both the lowest com-
putational cost and the lowest accuracy, while CFD
simulations provide detailed and accurate informa-
tion about indoor air flow at the expense of higher
computational effort.

One of the remaining challenges in CFD for building
simulations is inexpensive turbulence modelling (Li
and Nielsen (2011). Three main approaches to model
transient turbulent flow are Direct Numerical Simu-
lation (DNS), Large Eddy Simulation (LES) and Un-
steady Reynolds Average Navier-Stokes (URANS).
DNS directly resolves all the turbulent flow scales,
which makes it the most accurate and the most com-
putationally expensive method. LES models resolve
only big scales of motion and model the small ones,
while URANS separates the time scales of the mean
flow and models its turbulent fluctuations. LES
models are normally more computationally expensive
than URANS, but both methods have a reduced com-
putational cost compared to DNS.

Wang and Zhai (2012) have investigated the credi-
bility of coarse-grid CFD simulations and optimized
the spacial discretization in order to reduce the to-
tal truncation error. In another study, Wang et al.
(2014) have proposed to use numerical viscosity to
model the effect of turbulence for coarse-grid CFD
which helped to achieve a significant reduction in the
computing speed. Capabilities of CFD to simulate
indoor airflow have also been studied by Kempe and
Hantsch (2017). They performed LES simulations of
a model room with a heat source and concluded that
real-time LES simulations can be carried out with
high accuracy at moderate numerical effort. How-
ever, the possible industrial applications of real-time
CFD simulations for HVAC systems have not been
discussed in details.

Traditionally, CFD simulations of indoor environ-
ment are focused on steady calculations, because the
building dynamics are slow. But at the same time the
airflow inside the building is subject to intermittent
disturbances caused by opening doors and windows,
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occupants behaviour, weather changes, etc. The im-
portance of correct caption of such a disturbances is
shown by Choi and Edwards (2011), they have inves-
tigated the effect of human and door motions of the
contaminant transport using transient CFD simula-
tions. For the purpose of building design all these dis-
turbances could be neglected, but they play a major
role in model predictive control applications. Typi-
cally MPC systems have a control horizon range of
4-5 h, with a time step of 1-3 h (Afram and Janabi-
Sharifi (2014)) which is a relatively short time period
in building dynamics scale. In order to develop good
quality models, transient simulations should be car-
ried out, which would help to accurately capture the
process dynamics.

The scope of this paper is to investigate the capabili-
ties of CFD to perform transient simulations of indoor
environment with relatively low computational cost
and adequate accuracy in order to be used in MPC.
Two representative cases were considered, namely a
tall differentially-heated cavity and a ventilated cav-
ity with heated floor. Both cases were tested on a
wide range of computational grid resolutions together
with different LES and RANS turbulence models.
Finally, the possibilities of using transient CFD for
short term thermal behavior prediction in building
are discussed.

Physical problems and governing equa-
tions

Governing equations

The incompressible Navier-Stokes equations for New-
tonian fluid with constant physical properties are con-
sidered. The Boussinesq approximation is adopted to
account for the density variations due to temperature
difference. Thermal radiation is neglected. Under
these assumptions, the governing equations are

∇ · u = 0 (1)

∂u

∂t
+ (u · ∇)u = ν∇2u− 1

ρ
∇p+ βg(T − T0) (2)

∂T

∂t
+ (u · ∇)T = α∇2T, (3)

where u is the velocity vector, t the time, p the pres-
sure, T the temperature, T0 the reference tempera-
ture, ν the kinematic viscosity, ρ the density, g the
gravitational acceleration, β the thermal expansion
coefficient and α the thermal diffusivity. Hereafter,
all the results are presented in the dimensionless form.
The reference values of time, velocity, temperature
and length are specified for each problem separately.

Differentially heated cavity

Air flow inside a tall cavity. driven by the buoyancy
forces is considered in this work. The objective of
this flow configuration is to mimic a highly stratified
turbulent indoor environment driven by the natural
convection. This flow pattern could be found, for

example, in tall building atria with one wall exposed
to solar radiation. Moreover this configuration could
be used as a simplified model of a complete building.
This flow configuration is difficult to resolve correctly
using other building modelling tools.

Figure 1: Geometry definition of the differentially
heated cavity case (left) and the mixed convection in
a ventilated cavity case (right).

The cavity has a height aspect ratio of Ah = H/L =
3.84 and a depth aspect ratio of Ad = D/L = 0.86
(Figure 1). The Prandtl number corresponds to air
and is equal to Pr = ν/α = 0.71, where α is the
thermal diffusivity and the Rayleigh number (based
on the cavity height) is Ra = gβ∆TH3/(να) = 1.2×
1011, where ∆T is the temperature difference, Th−Tc.
This configuration resembles the experimental set-up
performed by Saury et al. (2011).

Two opposite vertical walls of the cavity in the x di-
rection are maintained at uniform but different tem-
peratures Th = 0.5 at x = 0 and Tc = −0.5 at x = L.
The temperature at the rest of the walls is given by
the ”Fully Realistic” boundary conditions proposed
by Sergent et al. (2013), which are time independent
analytical functions based on the experimental data.
No-slip boundary condition is imposed on the walls.
Zero values for all the variables are imposed for this
test case as an initial condition.

For this test case the reference length is H
and the reference time, velocity and temperature
used for the dimensionless form are, respectively,
Ra1/2H2α−1, Ra1/2(α/H),∆T .

Table 1: Computational grids used for the simulations
of the differentially heated cavity case.

Case Nx Ny Nz Ntotal

M1 8 30 4 9.60× 102

M2 10 40 6 2.40× 103

M3 12 50 8 4.80× 103

M4 14 60 10 8.30× 103

M5 18 80 12 1.73× 104

M6 24 100 16 3.84× 104

M7 30 120 20 7.20× 104

M8 40 150 24 1.44× 105

M9 50 180 30 2.70× 105

M10 70 240 40 6.72× 105

M11 100 320 40 1.28× 106

REF 140 500 70 4.90× 106
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Eleven different structured grids have been used in
the numerical tests and are detailed in Table 1. All
the grids are Cartesian, uniform in the vertical (y)
and spanwise (z) directions and refined near the walls
using a hyperbolic tangent function in the horizontal
(x) direction with the concentration factor γx = 2.

Mixed convection in a ventilated cavity

The second test case considered in this paper is a
3D ventilated cavity with heated floor. This con-
figuration was first studied experimentally by Blay
et al. (1992) and later numerically by Ezzouhri et al.
(2009). The geometry of the studied cavity is shown
in the Figure 1. The height aspect ratio of the cav-
ity is Ah = L/L = 1 and the depth aspect ratio
is Ad = D/L = 0.3. The cold air with parameters
Tc = −0.5, Uin = 1 enters through the long thin in-
let slot with an aspect ratio Ain = Lin/L = 0.017
at the top of the left wall of the cavity and is dis-
charged through the outlet slot with and aspect ratio
Aout = Lout/L = 0.023 at the bottom of the right
wall of the cavity. Bottom wall is maintained at the
hot temperature Th = 0.5, while three other side walls
are kept at the cold temperature Tc = −0.5. Front
and rear walls are adiabatic.

The cavity is filled with air with Pr = 0.71, Rayleigh
number based on the cavity height is equal to Ra =
2.4 × 109 and the Froude number based on the in-
let height is equal to Fr = Uin/

√
gβ∆TLin = 5.24.

The inlet velocity profile is parabolic in vertical y di-
rection with respect to the measured velocity profile
and uniform in the normal z direction. At the outlet,
convective boundary conditions are imposed for the
velocity and pressure and zero-gradient is imposed for
the temperature. No-slip boundary condition is ap-
plied on the solid walls. The initial conditions for this
case are: uini = 0, pini = 0 and Tini = Tc.

In this test case, the reference values used for
non-dimensionalizing are the length L, the time
Uin/L, the velocity Uin and the temperature (T −
Tmean)/∆T , where Tmean is the mean temperature
equal to (Th + Tc)/2.

This configuration is very important for indoor envi-
ronmental applications. Apart from representing the
typical ventilated room with thermal exhausts com-
ing from its lower part, it is also a vivid example of the
flow solution multiplicity. At the certain inlet velocity
the main air vortex could move clockwise or counter-
clockwise as was observed in Ezzouhri et al. (2009).
This phenomenon cannot be correctly reproduced by
either zonal or multizone models, while correct solu-
tion of the flow is crucial for the correct design of the
HVAC systems.

Eleven different structured grids detailed in Table 2
have been used for this test case. All grids are uni-
form in the spanwise (z) direction and zones of inlet
(Nin) and outlet (Nout) only in vertical (y) direction.
In the horizontal (x) direction and the main zone of

the vertical (y) direction grids are refined near the
walls using a hyperbolic tangent function with the
concentration factors γx = 1.5 and γy = 2.

Simulations for both cases are carried out for 25 non-
dimensional time units. which was found to be long
enough for capturing the transient flow dynamics.

Table 2: Computational grids used for the simulations
of the mixed convection case.

Case Nx Ny Nz Nin Nout Ntotal

M1 10 10 4 2 3 6.00× 102

M2 15 20 4 2 3 1.20× 103

M3 20 25 4 2 3 2.40× 103

M4 25 25 6 3 4 4.80× 103

M5 30 25 10 3 4 9.60× 103

M6 40 32 12 3 5 1.92× 104

M7 45 40 16 4 6 3.60× 104

M8 60 48 20 4 8 7.20× 104

M9 75 64 24 6 10 1.44× 105

M10 96 80 30 8 12 2.88× 105

M11 120 94 40 10 16 5.76× 105

REF 150 120 50 20 20 1.20× 106

Numerical methods

Two different software have been used to perform the
simulations: OpenFOAM (Weller et al. (1998)) for
unsteady RANS approach and TermoFluids software
(TermoFluids S.L. (2019)) for LES turbulence mod-
els. Both software use finite-volume discretization on
collocated grids.

Reynolds-averaged Navier-Stokes approach

The RANS approach is based on time-averaged fil-
tering of the governing equations 1- 3. It calculates
statistically-averaged (Reynolds-averaged) variables
and approximates the turbulence fluctuation effect on
the mean flow using different turbulence models.

Unsteady RANS (URANS) models are developed by
separating the time scales of the mean flow and the
turbulent fluctuations. In this work URANS simula-
tions are performed using the OpenFOAM (Weller
et al. (1998)) software using transient ”buoyant-
BoussinesqPimpleFoam” solver for buoyant, turbu-
lent flow of incompressible fluids to solve pressure-
velocity linkage in means of Boussinesq approxima-
tion and PIMPLE algorithm.

RANS eddy-viscosity models are based on the resolu-
tion of turbulent viscosity by means of two different
turbulent quantities: the turbulent kinetic energy (k)
and another turbulent quantity related to its dissipa-
tion. In case of k− ε family of models it is dissipation
rate of turbulent kinetic energy (ε), and for k − ω
models it is turbulent kinetic energy dissipation (ω).

Based on the findings of Morozova et al. (2018)
and Zhai et al. (2007), the k−ε turbulence model was
chosen for transient simulations of indoor airflow. For
steady calculations k− ε model has shown the small-
est computational cost and the most accurate results
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among all tested RANS models.

Large Eddy Simulation approach

A different approach for turbulence modelling is LES,
where the large scale of turbulent motions are re-
solved, whereas the effects of the smallest-scale mo-
tions are modelled by means of a subgrid-scale (SGS)
model. The spatial discretization in LES simulations
is carried out using a symmetry preserving discretiza-
tion on structured collocated Cartesian grids (Trias
et al. (2014)). Pressure and velocity coupling is solved
using a fractional step method. LES simulations are
carried out using the in-house CFD code Termofluids.

A one-parameter fully explicit second-order one-leg
temporal discretization scheme (Trias and Lehmkuhl
(2011)) is used for time integration. Based on the
recommendations by Morozova et al. (2018) and Zhai
et al. (2007), LES-WALE SGS model and no-model
approach are chosen for further tests.

In WALE subgrid scale model, the calculation of the
eddy-viscosity is based on the square of the velocity
gradient tensor, which takes into account the shear
stress tensor as well as the rotation tensor. Both LES-
WALE and no-model approaches have shown a good
trade off between computational cost and accuracy
comparing to other LES models.

Results and discussion

This section is dedicated to presentation of the simu-
lation results, their convergence and the discussion on
the feasibility of transient CFD simulations of the in-
door environments. Results of CFD simulations with
different turbulence models and grids sizes are pre-
sented and discussed.

The feasibility of CFD to perform transient or steady
simulations of indoor environment is always a com-
promise between the computational cost and accu-
racy. HVAC applications normally have very limited
computational resources available. Moreover, simula-
tions normally need to be carried out for each build-
ing individually. Despite the high computational cost,
CFD could offer many advantages which other build-
ing simulation tools do not possess. The ability to
perform transient simulations is one of the most in-
teresting advantages.

In building simulations, the overall accuracy of the
simulations is more important than correct predic-
tion of the airflow parameters in an specific location.
In order to evaluate the overall accuracy of the sim-
ulations, four global quantities have been chosen for
comparison: average kinetic energy (Eq. 4), average
enstrophy (Eq. 5), average Nusselt number at the hot
wall (Eq. 6) and the average temperature at the cen-
ter of the cavity. Average Nusselt number and tem-
perature represent the thermal properties of the flow,
average kinetic energy is used to quantify the overall
level of motion and average enstrophy corresponds to
dissipation effects in the fluid. The global quantities

are defined as follows:

E =

∫
V

u2

2
dV (4)

Ω =

∫
V

ω2dV (5)

Nu =

∫ H

0

∂T

∂x
dy

∣∣∣∣
x=0

, (6)

where V is the volume of the cavity and ω = ∇× u
is the vorticity.

The quality of transient simulations is investigated
using Spearman’s rank correlation coefficient rs,
which is a measure of rank correlation. Spearman’s
rank correlation shows monotonic nonlinear relation-
ships between two functions, the values of the coeffi-
cient fluctuate between 1 (perfectly correlated values)
and −1 (perfectly uncorrelated values) and are calcu-
lated using equation 7:

rs =
Σi(ai− < a >)(bi− < b >)√

Σi(ai− < a >)2Σi(bi− < b >)2
, (7)

where ai, bi are the i-th members of the compared sets
of data and < a >,< b > are the mean values of the
same sets of data.

All simulations are preformed using AMD Opteron
2350 processor machine with 24Gb/s memory band-
width. The number of CPU cores, used for the paral-
lel simulations varies between 1 and 32. This was
done in order to speed up the computational pro-
cess. But later the simulation time was rescaled to
Intel Core i7-8700K processor with 6 CPU cores and
41.6Gb/s memory bandwidth. Since this processor is
widely used in modern workstations. However sim-
ulations could be performed either on conventional
office workstation or on the cloud platforms.

The behaviour of the solvers has been assumed to be
ideal, so simulations are rescaled using linear depen-
dencies of processors memory bandwidth, number of
CPUs and number of nodes. Rescaled target time,
ttgt is calculated as follows:

ttgt = tref
BWref

BWtgt

CPUref

CPUtgt

NODEref

NODEtgt
, (8)

where tref , ttgt are the reference and target
computational time, BWref , BWtgt the reference
and target processor bandwidth, CPUref , CPUtgt

the reference and target number of CPUs and
NODEref , NODEtgt are the reference and target
number of nodes respectively.

The indicator to evaluate the performance of the
solvers is the time ratio R = twc/tphy between the
wall-clock time for the computation, twc, and physi-
cally simulated time, tphy. A simulation is faster than
real-time when R < 1.

In the field of model predictive control for buildings,
the simulation time plays a crucial role in the con-

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
616

 

 
  



troller performance. The control horizon range nor-
mally varies between 4 to 5 hours. This value refers
to the length of the time for which the control sig-
nal is computed. A typical time step for MPC sys-
tems is around 1 to 3 hours (Afram and Janabi-Sharifi
(2014)). Therefore, it could be inferred that the CFD
simulations for MPC should be at least 5 times faster
than real-time (R ≤ 0.2), in order to be able to pre-
dict the airflow parameters 5 hours ahead of the time
with 1 hour time step (the worst case scenario).

In the next two subsections results of the two afore-
mentioned test cases are discussed in details using the
methodology presented above.

Differentially heated cavity

For the differentially heated cavity case three global
quantities were considered: average Nusselt number
on the hot wall (Eq. 6), average kinetic energy (Eq. 4)
and average enstrophy (Eq. 5). Simulation results are
compared to the LES results on a fine grid (REF
mesh in Table 1) due to the lack of transient ex-
perimental or DNS results. Time evolution of these
quantities is shown in Figures 2-4 (top). The time
evolution is plotted for mesh M4 with no-model ap-
proach, M5 for LES-WALE and M1, M11 for URANS
k−ε. In Figures 2-4 (bottom) the Spearman’s correla-
tion coefficients of these quantities are plotted against
the computational time ratio R in logarithmic scale.
Each point of the graph represents a mesh from Ta-
ble 1. Thick horizontal dash line separate the area
within 15% error from the value of perfect correla-
tion (rs = 1).
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Figure 2: The time evolution of the average Nusselt
number on the hot wall (top) and its Spearman’s rank
correlation coefficient for different grids and turbu-
lence models against the time ratio R (bottom) for
the differentially heated cavity case.
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Figure 3: The same caption as Figure 2, but for the
kinetic energy and differentially heated cavity case.

Nusselt number (Figure 2) is the fastest quantity to
converge to steady state. The development of the
quantity starts with the drop to the minimum value at
the time tphy ≈ 3 then at the time tphy ≈ 6 the max-
imum peak is observed. LES and no-model cases be-
have similar to the reference solution and tend to con-
verge towards perfect correlation. However, URANS
model shows negative correlation due to the fact its
transient behaviour is completely different from that
of LES. The no-model approach shows the best cor-
relation for Nu, meanwhile URANS k−ε model gives
correlation with negative tendency.

Kinetic energy (Figure 3) is reaching its maximum at
time tphy ≈ 14 for LES and no-model cases, while
for the URANS simulations the maximum appears
earlier at tphy ≈ 8. Then, all the approaches are
smoothly converging to the statistically-steady val-
ues. LES and no-model approach show very good
correlation tendency at the mesh resolution M5 and
M4, respectively, and on finer grids. On the other
hand, URANS again exhibits negative correlation be-
cause of the early peak.

Enstrophy (Figure 4) is showing a behaviour similar
to the kinetic energy. Reference simulation has two
peaks at tphy ≈ 4 and tphy ≈ 12 and a minimum at
tphy ≈ 9. URANS results for mesh resolution M11
predict only the first peak, while the second peak
is almost dissipated. LES and no-model approaches
show very good transient correlation with the mesh
resolution M5 and M4, respectively, and finer. How-
ever, URANS approach does not correlate well even
thought it shows a positive tendency.

In overall for the differentially heated cavity test case,
the no-model approach gives the best transient corre-
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Figure 4: The same caption as Figure 2, but for the
enstrophy and differentially heated cavity case.

lation at the coarsest mesh resolution (M4) with time
ratio R ≈ 1 close to the real-time simulation.

Mixed convection

For this simulation three global quantities are con-
sidered: average kinetic energy (Eq. 4), average en-
strophy (Eq. 5) and temperature at the center of the
cavity. Time evolution of these quantities is presented
in Figures 5-7 (top) and their associated Spearman’s
correlations are plotted against the time ratio R in
Figures 5-7 (bottom). Again, LES results on a fine
grid (REF mesh in Table 2) is used as reference.

Average temperature at the center of the cavity is
a highly fluctuating quantity and it is difficult to
predict its transient evolution (Figure 5). However,
unlike LES, URANS and no-model approaches show
smooth temperature profile that rapidly converges to
a statistically steady state value. Two different pat-
terns of transient behaviour explain the low values of
correlation coefficients which almost do not depend
on the mesh resolution.

Time evolution of kinetic energy for the mixed con-
vection is easier to predict than temperature (Fig-
ure 6). The first peak value is reached at time
ttphy ≈ 10 and the second peak appears at tphy ≈ 20.
LES and no-model simulations repeat both peaks and
show a good level of correlation. URANS approach
also successfully predicts both peaks, but with a time
shift of approximately 2 time units. For kinetic en-
ergy of the mixed convection test case all three tested
approaches show a good transient correlation.

The behaviour of the time evolution of the enstrophy
is predicted well by LES and no-model simulations
(Figure 7), meanwhile the predictions of URANS
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Figure 5: The same caption as Figure 2, but for the
temperature at the center of the cavity and mixed con-
vection case.

are very different. URANS is converging smoothly,
while other approaches show peaks at tphy ≈ 12 and
tphy ≈ 21. This is illustrated by the low values of the
correlation coefficient for URANS models.

Despite the fact that this test case is less turbulent
than the previous one, it is more challenging to solve
because of the hypothetical backwards flow at the
outlet and two possible directions of the main vor-
tex rotation. The complexity of the physics of the
problem explains the obtained results. For this test
case, LES approach gives the best transient correla-
tion at the lowest mesh resolution (M7) with time
ratio R ≈ 23.

Potential of accessing transient CFD simula-
tions for MPC applications

As mentioned, in order to incorporate CFD simu-
lations into building energy control systems, they
should be at least 5 times faster than real-time (R ≤
0.2). At the same time they should be performed us-
ing office workstation computers. The required sim-
ulation accuracy highly depends on the controlled
building’s function. Civil buildings like offices or res-
idential buildings have a bigger range of acceptable
air parameters than, for example, hospitals or server
rooms. It could be assumed that 15% error in the pre-
diction of the transient evolution of global quantities
is sufficient for civil buildings applications.

With the current computational power it is not possi-
ble to incorporate CFD simulations into MPC system
of a building. However, taking into account the law
of growing processors capacity proposed by Moore
(1965), the time in which transient CFD applications
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Figure 6: The same caption as Figure 2, but for the
kinetic energy and mixed convection case.

would be available for building control purposes could
be estimated (Figure 8). The Moore’s law states that
the number of transistors in a dense integrated circuit
would double in about every 18 months.

The required mesh resolution and the computational
resources for different test cases vary significantly.
For a closed system like the differentially heated cav-
ity test case, good temporal correlation for the mesh
with 8.30 × 103 control volumes with required time
ratio (R ≤ 0.2) could be achieved within the next
5 years. However, an open system like the mixed
convection case needs a spatial resolution of at least
3.60 × 104 control volumes to perform correct tran-
sient simulations, which postpones the availability to
withing the next 10 years.

Conclusions

Transient CFD simulation is a promising tool for
MPC systems in buildings since it provides the user
with a complete set of airflow parameters at every
point of the building or room.

In this work two test cases have been studied using
three different turbulence models in order to inves-
tigate the feasibility of transient CFD simulations
for indoor environment. The Spearman’s rank cor-
relation coefficient is used to determine the quality
of transient simulations and the time ratio is used
for its computational cost evaluation. The no-model
approach predicted global quantities transient corre-
lation with less than 15% error with the time ratio
R ≈ 1 (mesh M4 in Table 1) for the differentially
heated cavity case and with R ≈ 54 (mesh M8 in
Table 2) for the mixed convection case. LES-WALE
model has shown time ratios of R ≈ 1.5 (mesh M5
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Figure 7: The same caption as Figure 2, but for the
enstrophy and mixed convection case.
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Figure 8: Potential availability of transient CFD sim-
ulations on office workstation computers for MPC
systems over the next years.

in Table 1) and R ≈ 23 (mesh M7 in Table 2) re-
spectively. URANS k − ε model has not shown good
transient correlation for any of the cases.

Turbulence modelling in coarse grid CFD simulations
is not very beneficial. LES and no-model approaches
have shown similar accuracy of the results, while the
no-model approach has an approximately 10% lower
computational cost. URANS has shown the lowest
computational cost for the coarse grids, however, it
increases exponentially for finer grids due to the large
number of iterations of the pressure solver. Moreover,
URANS approach failed to predict the transient evo-
lution of the airflow correctly.

Nowadays it is not possible to use transient CFD
simulations for MPC systems of the buildings. How-
ever, with the rapidly growing computational capac-
ity, CFD would be feasible for control purposes on
office workstations within the next 5 years for closed
systems and withing 10 years for open systems.

The main direction of the future work is to opti-
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mize the numerical algorithms of CFD simulations
using GPU acceleration and to improve the numer-
ical stability using a staggered symmetry-preserving
discretization approach. The investigated test cases
are of simplified geometry and do not take into ac-
count the effects of solar radiation, occupants be-
haviour, equipment heat emissions, etc., but for the
future work more complicated cases will be consid-
ered. One more interesting idea for the future work
is to develop a machine learning system of training
CFD simulations on previously-run data sets. This
could improve the predictions quality as well as re-
duce the computational cost.
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Patrick Kastner1, Timur Dogan1

1Environmental Systems Lab, Cornell University, Ithaca, New York, USA

Abstract
Global warming and increasingly dense cities lead to poor
outdoor thermal comfort that may not only be detrimental
to our health and well-being but also decreases social and
commercial activities. Although workflows for the anal-
ysis of thermal comfort exist, they have yet transitioned
into the quotidian architectural design process. Our work-
flow allows for annual outdoor comfort analyses that are
seamlessly integrated into a commonly-used CAD environ-
ment. We simulated the annual outdoor thermal comfort
on a university campus and discuss which simplifications
seem appropriate by means of preliminary on-site measure-
ments. The results exemplify the possibility to conduct
such analyses within reasonable time and accuracy if some
simplifications to the UTCI estimation are acceptable.

Introduction
With rapid urbanization, outdoor spaces begin to compete
for natural resources such as access to sun, wind, air, and
daylight with other driving forces like space use efficiency.
Poor outdoor thermal comfort leads to many problems
related to the health and well-being of humans and also
decreases social and commercial outdoor activities. Mu-
nicipalities, universities, and organizations with large plots
of land are making efforts toward significantly reducing
their carbon footprint and focusing on sustainability. New
York, for example, plans to reduce carbon emissions by 80
% by 2050 (NYC.gov, 2019) and Cornell University aims
to be carbon neutral by 2030 (Collins et al., 2016). Holistic
strategies are thus necessary to facilitate an urban design
that fosters passively comfortable urban microclimates in
light of future environmental risk and global warming.
In the last decade, the interest in outdoor thermal comfort
analysis increased both in the scientific community and in
practice. Some commercial tools exist which aim to sim-
plify the input of complex physical boundary conditions
by step-by-step guides. Those tools include but are not lim-
ited to ENVI-met (Huttner and Bruse, 2009), SOLWEIG
(Solar and Long-Wave Environmental Irradiance Geom-
etry (Lindberg et al., 2008), RayMan (Matzarakis et al.,
2010), CitySim (Walter and Kämpf, 2015), and the Lady-
bug Grasshopper plugins (Mostapha Sadeghipour Roudsari,
2013). They quantify outdoor environmental conditions
by estimating either the Mean Radiant Temperature (MRT)
or the Universal Thermal Climate Index (UTCI). While
designers, planners, and municipalities are usually commit-
ted to creating pleasant outdoor spaces, it remains difficult
to assess the impact of the urban form on outdoor ther-
mal comfort. For fast-paced urban design processes, in

particular, none of the state-of-the-art approaches seem rea-
sonable. Generating feedback about the urban design from
such simulations is a computationally expensive modeling
task that is cumbersome to apply in an iterative manner.
Naboni et al. postulate that the acquisition of building
geometry is not streamlined enough to allow for usage
in an integrated architectural design environment. Hence,
microclimate studies are still not widely used in the urban
planning process, although studies have shown that geomet-
ric interventions are able to improve the outdoor thermal
comfort in urban areas (Ebrahimabadi, 2015; Thorsson
et al., 2011).
This study aims to facilitate the annual simulation of out-
door comfort and proposes an easy-to-use and reliable
methodology using OpenFOAM, Radiance, and Energy-
Plus to simulate the annual outdoor comfort of a university
campus within a reasonable time. Further, we validate
the results by means of on-site measurements and discuss
possible simplifications.

Case study: campus of Cornell University
The university campus of Cornell University located in
upstate NY and overlooking Lake Cayuga consists of 608
buildings and covers an area of 9.3 km2. The campus is
surrounded by forest and mid-sized townhouses, see fig-
ure 1. The section of interest in this study is the vicinity
around a library building which is also used for on-site
measurements, see figure 1 b.

Simulation framework for annual outdoor
comfort analyses
The simulation framework consists of several simulation
engines, namely: OpenFOAM, Daysim, and Radiance, see
figure 2. All engines are centered around a toolkit called
Eddy3D that is implemented in Rhinoceros and Grasshop-
per which handles pre-, post-processing, and the data han-
dling between those engines. We use Eddy3D to create
the simulation domain, the specification of boundary con-
ditions, and the processing of the weather data based on
the building geometry in Rhinoceros. Similarly, we use
Rhinoceros’ meshing capabilities to export building and
terrain meshes for both OpenFOAM and Radiance. We use
Radiance to simulate irradiation and compute view factors
for each sensor point. From an EnergyPlus simulation, we
estimate surface temperatures from which we calculate the
mean radiant temperature (MRT) in combination with the
respective view factor for each hour of the year and sensor
point. For the annual outdoor thermal comfort evaluation,
we simulated 8 wind directions in a 45◦ interval, that serve

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
621

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210458 
 



a) b)

Figure 1: a) Aerial view of the university campus with the simulation domain highlighted in yellow, the library building of
interest (M), and 3 local weather stations (S1-S3). Image source: Google Earth. b) 3D model of library building showing
the terrace that was used for on-site measurements.

as the nearest neighbor lookup table for the annual wind
velocity data. On a number of sensor points (see figure 7),
we calculate the dimensionless wind velocity by dividing
the probes from the CFD simulation by the scaled inlet
velocity according to equation (1).

Uscale =

κ·U
log
( zre f +z0

z0

)
κ

· log
(

re f . height + z0

z0

)
(1)

Then, we multiply the dimensionless wind velocity of
each sensor point from the nearest simulated wind direc-
tion with the corresponding velocity and wind direction
from the weather data for every hour of the year. This
yields a matrix with wind reduction factors of the size
[8760 h x number of sensor points] from which the wind
velocities for the UTCI calculation are retrieved. Those
wind velocities and mean radiant temperatures serve as
input for the UTCI calculation for every hour and sen-
sor point for which both ambient temperature and relative
humidity are retrieved from the hourly weather data.
Weather data
To set up the initial simulation in a way that it facilitates
later validation, seasonal analysis of historical weather
data is required. We parsed weather data from the
nearby Weather Underground stations KNYITHAC1 (S1),
KNYITHAC52 (S2), and KNYITHAC70 (S3), and one uni-
versity weather station (S4) from 2016 until 2018 — see
figure 1 for their locations. We sanity-checked the data
and found the same prevalent wind direction across all 4
weather stations was SSE (≈ 160◦) for that period. From
the off-campus station S4, we extracted one day that ex-
hibited cold/sunny weather conditions with a relatively
constant wind direction for which on-campus measure-
ments were also available. In early 2019, such conditions
were present on March 27 for Ithaca, upstate NY.
Universal Thermal Climate Index (UTCI)
Like other outdoor comfort metrics such as the physiolog-
ical equivalent temperature (PET), the wind chill index
(WC), or the SET temperature, the UTCI was developed

conceptually as an equivalent temperature measure. It is
based on the multi-node thermo-physical “Fiala” model
which was coupled with an adaptive clothing model to
take clothing habits into account by the urban population
and their behavioral changes in clothing in relation to the
surrounding temperature (Fiala et al., 2012). Thus, for
any combination of air temperature, wind, radiation, and
humidity, UTCI is defined as the air temperature in the
reference condition which would elicit the same dynamic
response of the physiological model (Bröde et al., 2013).
We chose the UTCI as a performance metric, as a number
of studies have shown the UTCI to be a superior metric for
potentially hazardous weather in winter while also achiev-
ing good performance in tropical climates (Provençal et al.,
2016). Mathematically, the UTCI is a polynomial approxi-
mation that, in simple terms, may be described as (Broede,
2009; Hardy, 1998):

UTCI = Ta + f (Ta,TMRT ,U, pvapour) (2)

The resulting temperatures may then be classified and re-
ported as thermal stress categories, see table 1. Ideally, one
would strive for maximizing the annual urban climate for
the ”No thermal stress” condition. Undoubtedly, the TMRT
and U are the two input variables that exhibit significant
spatial variation in an urban neighborhood, whereas Ta and
pvapour remain relatively spatially constant.

Table 1: Thermal stress categories of the UTCI.

UTCI [◦C] Stress category

> 46 Extreme heat stress
+38 to +46 Very strong heat stress
+32 to +38 Strong heat stress
+26 to +32 Moderate heat stress
+9 to +26 No thermal stress
+9 to 0 Slight cold stress
0 to -13 Moderate cold stress
-13 to -27 Strong cold stress
-27 to -40 Very strong cold stress
< -40 Extreme cold stress
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Figure 2: Flow chart that depicts the pre-processing, simulation, and post-processing workflows developed in this study.

CFD simulations
Computational model and simulation domain

Ithaca’s elevation varies to the extent that it is necessary to
make use of a digital elevation model. The model we used
incorporates the building footprints which we extruded to
their actual height reported in the campus GIS repository.

Computational mesh

The mesh was created by OpenFOAM’s blockMesh utility
for the background mesh and snappyHexMesh to subse-
quently snap the background mesh to the building geome-
try. For the background mesh, we used a cylindrical simu-
lation domain approach discussed in (Kastner and Dogan,
2018). This meshing approach allows for reusing the same
computational mesh for every subsequent wind direction.
The simulation domain was set up with a radius of 500 m
around the library building and a height of 350 m while tak-
ing into account all relevant surrounding buildings which
resulted in 11.6×106 cells. A side view of the cylindrical
mesh with the terrain cutout is given in figure 3.

Figure 3: Side view of mesh with terrain cutout and the
silhouette of the campus buildings.

Boundary conditions

The Grasshopper plugin called Eddy3D was used to au-
tomate the pre-processing, including the assignment of
boundary conditions. Depending on the wind direction,
we mapped the inlets to a one-half circle of the simulation
domain and the outlet on the opposite side as described
in (Kastner and Dogan, 2018). The half circular domain

inlet was set to a uniform profile for U , k, and ω , and a
roughness length z0 = 1 that corresponds to “regular cov-
erage with large size obstacles with open spaces roughly
equal to obstacle heights, suburban houses” (Wallace and
Hobbs, 2006), according to equations 3-5. The particu-
lar wind direction used for the validation study was 310◦,
based on the measured weather data. At the outlet of the
computational domain, constant pressure is assumed, while
the other variables are imposed to be zero-gradient. The
ground and the building geometry use the same boundary
conditions, a no-slip condition for velocity, a zero-gradient
condition for the pressure and wall functions for k and ω .
For the field turbulence eddy viscosity νt , the intelligent
wall function called nutUSpaldingWallFunction was used,
given its universal applicability across wide ranges of y+

values (De Villiers, 2006). The front, back, and top faces
are set to a symmetry boundary conditions for all vari-
ables. The kinematic viscosity, ν , was set to 1.5×10−5.
The turbulence inlet parameters were calculated using the
following equations:

k = 1.5 ·T 2
u ·U2

re f (3)

ε =
Cmu · k2

ν · µt
µ

(4)

ω =
ε

Cmu · k
(5)

Other computational parameters

Since CFD is currently a bottleneck in this simulation pro-
cedure, we used an incompressible, isothermal, steady-
state solver from OpenFOAM in combination with a
k − ω − SST RANS turbulence model to calculate the
wind velocities that are needed for the UTCI calculation.
We chose the k−ω −SST based on its superior accuracy
while only being slightly more computationally expensive
(Ramponi and Blocken, 2012). The pressure-velocity cou-
pling was established with the SIMPLE algorithm using
three non-orthogonal correctors. Buoyancy effects were
neglected due to air velocities that are well above 1.8 m s−1

(Tecle et al., 2013; Boulard et al., 1996; Magnusson et al.,
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2014). We ran all the simulations for 10000 iterations,
for which the simulations reached the following residuals:
1×10−4 for ω , 1×10−4 for k, 5×10−2 for p, 1×10−4 for
Ux, Uz, and Uy. The relaxation factors were chosen to be
0.3 for p and 0.7 for U , k and ω . All simulations ran on
an AMD Ryzen Threadripper 1950X 16-Core Processor
running Windows 10. We used the Docker Version 2.0.1.0
(30090) to run OpenFOAM 4.1.
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Figure 4: Residuals of the CFD simulation.

MRT calculation
Studies have analyzed several methods to estimate the MRT
that range from simple curve fits more holistic view factor
analysis methods (Kessling et al., 2013; Thorsson et al.,
2007). In this study, the MRT calculation was conducted
with the help of EnergyPlus with which we calculated ex-
terior surface temperatures. We then used Radiance to
calculate view factors with respect to all building surfaces,
ground patches and sky for all sensor points. From those
values, we calculated the solar-adjusted mean radiant tem-
perature according to:

MRT =

[(
cs ·αs · I ·

1
σ

)
+

nv f

∑
i=1

Fp,i ·T 4
sr f ,i

] 1
4

−273 (6)

where MRT is Mean Radiant Temperature in ◦C, I is the
hourly irradiation in W m−2, σ is the Stefan-Boltzmann
constant, cs = 0.25 is a projection factor assumed for seat-
ing, αs = 0.7 is an assumed skin absorption coefficient,
Fp,i is the view factor between a sensor point and a surface
“i”, Tsr f ,i is the surface temperature in K.

Preliminary validation with on-site measure-
ments
Validation with on-site measurements is essential for a
complex metric with multiple inputs such as the UTCI. To
validate simulation results, we meter weather data includ-
ing temperature, humidity, and radiation as well as wind
speed and direction at an undisturbed and well-exposed
location ca. 1 km from campus, see S4 in figure 1. In
parallel, we monitor relevant UTCI components such as
Tamb, MRT , wind speed and radiation exposure at the ob-
servation point shown in figure 6, using a Thermal Micro
Climate Data Logger shown figure 5. We then translate

the raw weather data into the EPW format utilizing psy-
chometric calculations and an irradiation split into indirect
and diffuse solar radiation using the HDKR/Reindl model
(Reindl and Beckman, 1990). This EPW file serves as
weather input for the simulation model that we used to
approximate UTCI parameters for later comparison against
measurements at the observation point. The measurements
were taken on the paved terrace of the library building
to minimize the influence of evaporative cooling in this
area, which is not considered in our model, see figure 5.
The measurement frequencies were set to 15 s which was
averaged with a moving average over 240 instances. Dur-
ing the measurements, the approaching velocity at S4 was
observed, in order to wait for periods of time in which
constant 60-minute averaged wind speeds and directions
were present, which was the case between 13:00 and 16:00
h on March 27, see table 2. Here, we treated winds to come
from a “constant” direction if they lie within a 22◦ angle
sector. With those 60-minute intervals, we were able to
extract time windows that were used as inputs for our simu-
lations. In sum, we used wind velocity, wind direction, and
radiation measurements from the undisturbed, unshaded
weather station as input for our simulation whereas ambi-
ent temperature, and relative humidity are taken from the
measurements on site.

Figure 5: HD32.1 - Thermal Microclimate Data Logger
used as measurement setup with sensors for ambient tem-
perature, relative humidity, global irradiation, and globe
thermometer. The photo was taken in the direction of the
approaching flow.

Results
With respect to validation of the CFD results, we report
that the moving average of the wind velocity at the mea-
surement location yields 2.5 m s−1. The average probed
velocity from the red rectangle in figure 6 shows a value of
2.6 m s−1, probing the larger rectangle yields 3.2 m s−1.
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Table 2: Hourly average off-site measurements from the weather station S4 on March 27, 2019. The on-site measurements
shown in figure 6 were taken from 10:15 h to 18:30 h. From 13:00 to 16:00 h, both wind velocity and direction were fairly
constant. The wind direction 310◦ was later used for the validation study.

Hour
Air temp [◦C] RH [%] Wind speed (m/s) Wind direction

Irradiation [W/m2]Max Avg Max Avg deg comp

18:00 2.8 1.7 32 6.9 4.2 341 NNW 277
17:00 2.8 2.2 34 8.4 4.6 321 NW 447
16:00 2.2 1.7 32 8.7 5.1 315 NW 599
15:00 2.2 1.1 35 9.0 5.1 304 NW 704
14:00 1.1 0.6 39 7.9 4.9 307 NW 748
13:00 1.1 0.0 42 8.1 4.8 317 NW 741
12:00 0.6 0.0 42 6.8 4.2 326 NNW 668

Figure 7 a-b) show a top view of the campus with UTCI
map for cold and sunny weather conditions recorded on
March 27, 2019, by the station S4, assuming a constant
wind velocity from 310◦ (NW). We can see that the overall
UTCI patterns follow the daily cycle prescribed by the
ambient temperature, which increases from 12:00 h – 16:00
h. It is, further, evident that campus buildings provide
shelter against the wind, resulting in a UTCI increase in
their wake region. Finally, Figure 7 c) depicts the annual
percentage of hours within comfort (without thermal stress)
across campus.

a) Top-view of cropped CFD result

b) Probed velocities around the measurement location

Figure 6: Measurement location for the UTCI validation
highlighted in red in the figure at the top. a) Top-view of
cropped CFD result at 2 m above ground. b) The average
wind velocity probed from the red rectangle at the measure-
ment location yields 2.6 m s−1; the average wind velocity
probed from the larger rectangle around the measurement
location yields 3.2 m s−1.

Discussion
General limitations
The results presented show that it is possible to simulate
the annual outdoor comfort in an urban environment with
reasonable effort. The simplified methodology presented,
however, comes with limitations with respect to its general
applicability.
First, this study relies on separately validated engines as op-
posed to one integrated engine such as for example ENVI-
met or CitySim. As the UTCI is a metric that is derived
from multiple input data, the accuracy of these simulation
results depends on both the accuracy of every individual
engine and the extent of transient behavior occurring in the
real world. In the interest of simulation time, the simula-
tion engines in this paper were linked by static, external,
one-dimensional coupling, see figure 2, which is the sim-
plest of the three possible coupling strategies (Barbason
and Reiter, 2014; Odnevall Wallinder et al., 2002). This
brings both advantages and disadvantages. For one, every
simulation engine has been validated on its own and there
exists trust among the research community that Radiance,
EnergyPlus and OpenFOAM are in principle able to gen-
erate accurate results. What is not possible, however, is
the reverse data exchange due to two major differences
between the approaches, namely the temporal difference of
simulated time (months to years for BES vs. hours calcu-
lated per time step in seconds for CFD) and the difference
in computation time. As a result, no transient behavior
across the individual engines, such as thermal mass being
in an energy exchange relation through convective heat
transfer, is taken into account by this approach. It follows
that the more transient behavior the system exhibits, the
less accurate the presented model tends to be.
Second, the RANS CFD methodology we use in this study
is known to have flaws when it comes to predicting turbu-
lent behavior in wake regions of buildings. Further, the
amount of wind buffeting that can be modeled with more
advanced methods like LES cannot be estimated due to the
averaging nature of the RANS model. At the same time, the
sensitivity of the wind velocity for arbitrary UTCI values
increases with decreasing ambient temperature. In other
words, the colder the ambient temperature, the more dom-
inant the wind chill effect due to convective heat transfer
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a) 14:00 h

b) 16:00 h

c) Annual hours within thermal comfort

Figure 7: UTCI and comfort hour maps. a-b) Shows the
simulated UTCI distribution of the campus on March 27,
2019, for 14:00 h and 16:00 h. c) Shows the calculated per-
centage of annual thermal comfort hours with “no thermal
stress”, see table 1.

will be (Bröde et al., 2013). Consequently, when climates
with low ambient temperatures are studied, one should keep
in mind that such effects are not taken into account and
appropriate factors of safety should be considered. Mackey
et al. conducted extensive studies on the sensibility of
input variables for microclimate studies. They found that
the influence of the number of wind directions simulated is

almost negligible for a tropical climate such as that in Sin-
gapore. While this seems plausible for a tropical climate,
it is worth reiterating that microclimate maps will likely
suffer greatly from a reduced number of simulated wind
directions in colder climates (Bröde et al., 2013). Although
additional wind directions increase the simulation time for
the engine that is already the bottleneck in simulation pro-
cedure, the RANS method is state-of-the-art in terms of an
accuracy/efficiency/robustness-trade-off for outdoor com-
fort mappings, especially when additional measures are
taken into account (Kastner and Dogan, 2018). However,
one area for further research might be to replace the RANS
method with an engine that is based on Lattice Boltzmann
methods which can be solved less expensively.
The comparison between the CFD simulation and the one
measurement location shows a fairly good agreement. We,
however, concede, that a single reference point in the up-
wind region of a building is not sufficient for a holistic
validation of the presented method. Further, we probed
and average from a larger area in front of the building the
deviation between both increases from 10 % to 22 %. This
clearly shows how highly sensitive the measurement lo-
cation is, which in turn shows the necessity for a higher
number of measurements for future studies both in terms of
the number of measurement locations themselves but also
the length and number of measurements for each location
over time.
Overall accuracy vs. level of detail necessary during
design process
There are unanswered questions with respect to micro-
climate maps that are created during the design process,
compared to maps that analyze an already existing urban
environment. Those questions usually revolve around a
trade-off between accuracy and computational efficiency.
First, the method to estimate the MRT in a reasonable
time without relying on the knowledge of all materials and
their corresponding emissivities is not yet agreed upon.
The overall goal for a tool such as the one presented is
computational efficiency as it ought to be used during the
design process. Thus, one might argue that it is sufficient
if only the thermal stress categories are correctly predicted
for a sufficiently high percentage of hours throughout the
year as those ultimately constitute the optimization goal
for the urban area, see table 1. To claim such accuracy,
validation studies for more hours in a year will have to be
carried out.
Second, how and when should evaporative cooling be
considered without introducing a host of input uncertain-
ties with respect to e.g. plants, rainfall, soil composition,
and pavement area? Integrated simulation tools such as
ENVI-met are capable of integrating evaporative cooling
by means of internal coupling. Such modeling approaches
require detailed knowledge about the additional simulation
input, namely the rainfall frequency, the type of plants and
trees to be used, their porosity, and the soil composition
(Manickathan et al., 2018). Unfortunately, in commonly
used EPW weather files there is rarely any rain data avail-
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able, and if there is, its validity is questionable with respect
to a “typical” amount of rainfall per year. In case of a lack
of high-quality input data, the majority of inputs would
thus have to be substituted by default values which could
be counterproductive for the desired information gain. Re-
garding the external coupling used in our approach, it is
also questionable if incorporating vegetation is feasible
as it would pose great challenges on the data exchange
necessary due to shading by trees and the benefits from
evaporative cooling — the former of which has been shown
to be more beneficial by Manickathan et al..
Aside from that, Mackey et al. found that the sky heat
exchange is the most dominant variable in outdoor comfort
modeling, followed by wind patterns, and UHI/surface
temperature, producing errors that range from 2.4-0.5◦C
respectively. Although EP’s simulation time currently does
not constitute the bottleneck, one might argue in favor of
simplifying the MRT calculations by using an admittance
method or an even simpler linear regression going forward
(M.G, 1994; Kessling et al., 2013).
We neglected buoyancy on the CFD side not only to gain
simplicity in selecting the boundary conditions but also
because it is less computationally expensive. As shown in
the validation study, this could be the reason for a large
discrepancy between the model and the measurements. Al-
legrini and Carmeliet showed a correlation between the
local air temperature, the volumetric flow rates in prede-
fined control volumes, and the local thermal diffusivity
in those volumes. In future studies of urban areas, this
approach could be used to predict the local heat island risk
of urban environments while utilizing an isothermal CFD
approach. Going forward, we hope to be able to define a
threshold for which the predicted air temperature from that
method would be used as an input for the UTCI.

Summary and conclusions
The authors implemented an outdoor comfort model-
ing framework for urban design in C# as a plugin for
Rhinoceros and Grasshopper that enables seamless work-
flow integration. UTCI simulation results around a library
building on a university campus are available and seem
plausible. The results exemplify the possibility to conduct
such analyses within reasonable time and accuracy if some
simplifications to the UTCI estimation are acceptable. In
the future, we plan to increase the number of measurement
locations to be able to present a more holistic validation of
our simulation results.
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Bröde, P., K. Błazejczyk, D. Fiala, G. Havenith, I. Holmér,
G. Jendritzky, K. Kuklane, and B. Kampmann (2013,
feb). The Universal Thermal Climate Index UTCI com-
pared to ergonomics standards for assessing the thermal
environment. Industrial health 51(1), 16–24.

Leibniz Research Centre for Working Environment and
Human Factors (2009). The Universal Thermal Climate
Index.

Cornell University (2016). Options for Achieving a Carbon
Neutral Campus by 2035.

De Villiers, E. (2006). The potential of large eddy sim-
ulation for the modeling of wall bounded flows. Ph.
D. thesis, Imperial College of Science, Technology and
Medicine.

Ebrahimabadi, S. (2015). Outdoor Comfort in Cold Cli-
mates: Integrating Microclimate Factors in Urban De-
sign. Ph. D. thesis, Luleå tekniska universitet.
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Nomenclature

ABL Atmospheric boundary layer

BC Boundary condition

BES Building Energy Simulation

CFD Computational Fluid Dynamics

EPW EnergyPlus weather format

GIS Geographic information system

LES Large eddy simulation

MRT Mean-radiant temperature

RANS Reynolds-averaged Navier-Stokes

UHI Urban heat island, ◦C

UTCI Universal Thermal Climate Index , ◦C

SIMPLE Semi-Implicit Method for Pressure Linked Equations

SST Shear stress transport

k Turbulence kinetic energy, m2 s−2

µt
µ

Eddy viscosity ratio, -

Cmu Turbulence constant, 0.09

pvapour Vapour pressure, N m−2

Ta Ambient temperature, ◦C

TMRT Mean radiant temperature, ◦C

Tu Turbulence intensity, %

U Wind velocity, m s−1

u∗ Friction velocity, m s−1

νt Turbulence eddy viscosity, m2 s−1

y+ Dimensionless wall distance, -

z0 Aerodynamic roughness length, m
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Abstract 

Minimizing the operational cost of a building while 

maintaining the thermal comfort is one of the criteria 

required in a sport facility building. However, the 

standard to obtain this condition in Indonesia is not yet 

available. The thermal comfort condition of a 

multipurpose sport facility in a public university in 

Yogyakarta, Indonesia was investigated by observing the 

air movement through natural ventilation openings. 

Performance metrics for the thermal comfort are the 

temperature distribution, relative humidity, air flow rate, 

and outdoor climate. Simulation was done using 

SolidWorks 2013 and the thermal condition was known. 

The results were compared to the Indonesia National 

Standard (SNI) and Design Guidance Note from Sport 

England. The average temperature near the arena is 

30.09oC with relative humidity of 67%, which meets the 

category of a comfort warm condition. The spectator seats 

at the tribune are considered comfortably warm. The sport 

hall being observed has an air change rate (ACH) of 6.14 

which exceeds the standard minimum of 1.5 and 

therefore, it is in no need of a mechanical ventilation 

system to support the air circulation. 

Introduction 

A sport facility is a resource that consists of a field or 

arena for the sport, such as a building with physical 

boundaries that are clearly defined and can fulfil the 

requirements for doing sport. Requirements are usually 

provided by some sport organization. A multisport 

building is considered a large space where air 

conditioning system or hybrid ventilation are commonly 

used to create the thermal comfort (Nishioka, Ohtaka, 

Hashimoto, & Onojima, 2000). However, research on this 

topic are still limited, including the standards that are 

available to characterize the thermal comfort condition of 

such buildings.  

In this paper, the thermal condition of the studied 

multisport facility is owned by a public university in 

Yogyakarta. The multisport facility is defined by the 

existence of a basketball field and three badminton fields 

that are often used interchangeably during sport practices. 

The key performance metrics of the thermal condition are 

the temperature distribution, relative humidity, and air 

flow rate, given the outdoor climate condition. A 

computational fluid dynamic (CFD) simulation was used 

for the thermal and airflow modelling using existing 

thermal environment data obtained from on-site 

measurement. 

A building should provide the ability for occupants to 

conduct activities comfortably as optimum as possible 

and shelter an individual from unwanted outdoor climate 

conditions. Thermal comfort is a term to give information 

about a human being’s thermal state in a given thermal 

environment by describing psychological, physiological, 

and rational approaches. Psychological approach 

represents the human state of mind that expresses 

satisfaction to the thermal environment. Physiological 

approach represents human’s thermal perception as a 

result of nervous sensors from thermal receptors. Rational 

approach represents human body’s heat balance (Enescu, 

2017). Within those concepts, thermal comfort stands for 

the importance to provide people satisfaction, to control 

energy consumption, and to suggest and set standards 

(Taleghani, Tenpierik, & Dobbelsteen, 2013).  

To measure thermal comfort in indoor environment, 

several parameters (divided into personal and ambient 

parameters) and comfort indices have been conducted 

since 1890s. Personal parameters will represent the 

occupants’ thermal characteristics, such as clothing 

insulation and metabolic heat rate. On the other hand, 

ambient parameters will represent the ambient condition, 

such as relative humidity, temperature, and air velocity. 

Other developed parameters such as dry bulb temperature, 

mean radiant temperature, standard effective temperature, 

new effective temperature, physiological effective 

temperature, operative temperature, globe thermometer 

temperature, wet bulb temperature, wet bulb globe 

temperature, and indoor neutral temperature.  

Comfort indices for occupants developed by Fanger 

started with predicted mean vote (PMV) which was 

modified to  the adaptive predicted mean vote (aPMV), 

extended predicted mean vote (ePMV), new predicted 

mean vote (nPMV), actual mean vote (AMV), predicted 

percentage dissatisfied (PPD), transient predicted 

percentage dissatisfied (TPPD), lowest possible 

percentage dissatisfied (LPPD), and human thermal 

model (HTM) (Enescu, 2017; Taleghani et al., 2013). 

Researches about thermal comfort in sport facilities have 

been done before, specifically in gymnasiums (Al-Hababi 
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& Khalil, 2016; G. M. Revel & Arnesano, 2014; R. M. 

Revel & Arnesano, 2014), swimming pools (Lebon, 

Fellouah, Galanis, Limane, & Guerfala, 2017; G. M. 

Revel & Arnesano, 2014; R. M. Revel & Arnesano, 

2014), indoor tennis courts (Bugaj & Kosinski, 2018), and 

multifunction sport facilities (Hu et al., 2018). The 

standards that describes the environmental comfort 

criteria for a sport hall in Indonesia are still unavailable. 

The most common approach to predict the thermal 

comfort of a large space is through computer simulation 

based on CFD method. Various software were used for 

the studies above of various sport facilities, but mostly are 

based on CFD (Al-Hababi & Khalil, 2016; Lebon et al., 

2017). 

Methods 

The main method in this study is a computer simulation 

based on computational fluid dynamics (CFD). The 

software used is SolidWorks 2013 where the building 

geometry data can be inserted using an integrated 

computer-aided design (CAD) module that defines the 

material, sets the domain, boundary condition, meshing, 

and all the outputs. 

Description of the case studied  

The multisport building as the case study building is a 

building located at the sport and recreational area of the 

university. It is facing slightly to the northeast direction, 

with an open-field and a parking area surrounding the 

building. The north and south walls have wide area of 

openings for natural ventilations. These opening areas are 

positioned on the middle upper side of the north and south 

walls. All the side walls are painted-plastered bricks. The 

ceiling is a curved shape roof with a height approximately 

15 meters and the roof is laid on an exposed truss steel 

structure. 

The high temperature in tropical climate (24ºC-32ºC) is 

not the only factor that creates uncomfortable thermal 

condition but also the high humidity and the very slow 

wind speed. A poor thermal condition may decrease 

working productivity. The city of Yogyakarta is a tropical 

humid climate with an average annual precipitation of 

2,070 millimetres per year in 99 days of rain. The average 

temperature is 26.7°C and average humidity of 83.4%. 

Tropical climate has a characteristic of a small 

temperature difference between daytime and night, a high 

air humidity at night and quite low during the middle of 

the day. Average air velocity during daytime in 

Yogyakarta is 1.0 m/sec, which is suitable for thermal 

comfort. Meanwhile, during rainy season the air velocity 

is around 2.0 m/sec. 

On-site Measurement  

Data for simulations were obtained from on-site 

measurement. The data are (1) building properties of 

geometry, roof shape, positions of window, glass and 

doors, (2) environment data of temperature, humidity, air 

flow rate, and solar radiation taken from 10:00 AM to 

3:00 PM in the month of April 2018. The environment 

data used was the hottest condition in Yogyakarta during 

the dry season, a thermal condition that is not comfortable 

for sport activities. The existing conditions were taken for 

7 positions. Position 1 measures the surrounding outdoor 

condition of the temperature, RH%, solar radiation. 

Position 2 is at located at the center of the sport arena with 

measurement height of 1.5m above the floor for 

temperature and RH%. Position 3, 4, 5, 6, and 7 are all 

located at the side walls on the windows as shown in 

Figure 1 for measuring the air velocity. Each position 

represents 6 windows in the simulation model as the inlet 

positions. In order to comply with the computer’s 

capability, the number of mesh for the model is 5. 

Computer Simulation Settings  

For the general settings related to the analysis type, three 

factors where considered which are flow type using the 

internal flow, applying heat conduction on solid materials, 

and considering solar radiation in the outdoor 

temperature.  

Radiation is defined by the sun directivity and intensity 

during the measurement that was done in April 5th at noon. 

The building latitude is at 7.8 degrees. Using this two 

information, the sun elevation α and the sun azimuth Ω 

can be calculated and converted as x, y, z values with x = 

0.116, y = 0.97, and z = 0.2 with the sun intensity value 

1074 W/m2.   

The type of fluid used in the simulation was the air/gas 

type in the default setting with turbulence flow. Materials 

and wall conditions were assigned in the boundary 

conditions setting where materials use default properties. 

The brick wall (outer leaf) was selected since it has the 

closest properties to the existing wall. The thermal 

condition and radiation type on the wall surfaces were 

using the default outer wall thermal condition with values 

of an adiabatic wall. Table 1 provides the descriptions of 

the solid materials. 

Table 1: Description of Solid Materials 

No. Elements Material Radiation 

transparency 

U-value 

calculated 

(W/m2 oK) 

1. Wall Brickwork 

(outer leaf) 

Opaque 2.428 

2. 3 doors Polycarbonate Transparent 3.184 

3. 1 tribune door Aluminium Opaque 3.184 

4. Window Glass Transparent 5.763 

5. Roof PVC/Asbestos 

tiles 

Opaque 2.685 

6. Tribune seats Brickwork 

(inner leaf) 

Opaque default 

7. Sport Arena Plywood 

(lightweight) 

Opaque default 

8. Floor Alumina Opaque default 

 

Using the data from the existing conditions, detail of the 

initial conditions and the boundary conditions are then 

defined. 

Initial Conditions  

The defined parameters for the initial conditions are 

temperature, pressure, RH%, and turbulence. 

Temperature and RH% values are based on the on-site 
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measurement data.  A 1 atm pressure is applied in the 

simulation settings. Meanwhile, the turbulence is defined 

by the intensity and length of the turbulence. If an inlet 

flow is blocked by a wall, the turbulence length scale can 

be predicted as 0.22 (Versteeg, H. K. and Malalasekera, 

W). The turbulence level is defined by the intensity level, 

which in this model uses medium-turbulence case with a 

value of 2%.  

Boundary Conditions  

 Inlet 

The inlet position is where the air enters the building 

through the opening window on the side walls based on 

the air flow rate at 5 positions (from the right to left are 

positions 3, 4, 5, 6, and 7) obtained from the on-site 

measurement as mentioned earlier. Each of this 

measurement positions are then applied to 6 windows that 

can be considered as groups of inlet positions as shown in 

Figure 1 using the rectangular dashed line.  

 

Figure 1: Inlet Position 

 Outlet 

Outlet is defined as openings where the air is leaving the 

space, positioned on the window on the roof. This 

boundary condition is based on the stack effect process 

where the air pressure will have difference vertically due 

to the hot temperature in the air that usually rises up, using 

the equation (1) (Anggoro, 2017): 

 
∆𝑃 = 𝐶𝑎ℎ (

1

𝑇𝑜
−
1

𝑇𝑖
) (1) 

Where ∆𝑃 is pressure difference (Pa), 𝐶 is 0.0342 K/m, 𝑎 

is atmospheric pressure (Pa), ℎ is height (m), 𝑇𝑜 is 

absolute outside temperature (K), and 𝑇𝑖 is absolute inside 

temperature (K). Using the stack height of 12 m and Pref 

of 101325 Pa, ∆P=139.57 Pa, the environment pressure 

defined for the outlet position is P=101185.43 Pa (see 

Figure 2). 

 

Figure 2: Outlet Position 

 Wall 

Wall transmission values is calculated using the equation 

(2) (Anggoro, 2017): 

 
𝑈𝑤 =

1

𝑅𝑡𝑜𝑡𝑎𝑙
 (2) 

Where 𝑅𝑡𝑜𝑡𝑎𝑙 is the thermal resistance of the material, 

consists of the outer layer resistance (𝑅0), resistance of the 

material (𝑅𝐾), resistance of the air on the wall surface 

(𝑅𝑈𝑃), and the resistance of the air gap between the wall 

layers (𝑅𝑅𝑈). 

Parameters of the simulation are the temperature, 

humidity and air speed, which later on the data will be 

compared with the standard thermal comfort or standard 

requirement for sport facilities. Temperature and 

humidity distribution are taken at 1.5m above ground 

which represents the height of a person when standing. 

Data were taken at 20 positions to obtain the average 

values of the temperature and humidity distribution of the 

arena (see Figure 3). 

The temperature and humidity distributions are observed 

at the height of 0.5m above the spectator tribune in order 

to simulate a person sitting position. This is based on the 

thermal comfort standard of SNI 03-6572-2001.  

(Badan Standarisasi Nasional, 2001).  

 

Meanwhile, the distribution on the arena or sport field is 

taken 5 meters from the floor representing the area of the 

badminton field based on the literature of SNI 03-6572-

2001 and badminton design guide (Sport England, 2011) 

(www.sportengland.com). 

Results  

There are several environment data obtained from the on-

site measurement; temperature, RH%, and solar intensity 

data obtained from the outdoor measurement at position 1 

shown in Table 2.  

Table 2: On-site measurement data at position 1. 

Time Temperature 

 (oC) 

Relative 

Humidity 

(%) 

Solar 

Intensity 

(w/m2) 

10:00 31.9 59.5 885 

11:00 32.8 55.7 978 

12:00 34.6 52 1076 

13:00 34.2 56.5 872 

14:00 33.3 59 635 

15:00 33.5 59.1 659 

The data in Table 2 with the data from the on-site 

measurement at measurement points of 2, 3, 4, 5, 6, and 7 

as described earlier in the method, are used for the 

Figure 3: The 20 measurement positions on the arena. 

3 4 5 6 7 
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simulation. Thermal condition obtained from the on-site 

measurement alone is not enough to describe the thermal 

condition of this multipurpose sport hall due to some 

limitation in data collection, such as the amount of 

measurement points. The vertical distribution of the air 

temperature for instance, instead of measuring this 

parameter on-site, it can be predicted by running a 

simulation. 

Temperature and RH% on the Arena  

Detail of the data for each measurement positions is 

described in Table 3 with the lowest temperature 29.70oC, 

whilst the highest temperature is 30.29oC. Relative 

humidity is in the range of between 66.26%, to 68.62%.  

Table 3: Temperature and Relative Humidity 

Distribution Values 

No. Temperature [°C] Relative Humidity [%] 

1 30.129 66.95 

2 30.071 67.17 

3 30.051 67.25 

4 30.013 67.39 

5 29.925 67.73 

6 30.143 66.9 

7 30.083 67.12 

8 30.071 67.17 

9 30.151 66.87 

10 30.054 67.24 

11 30.162 66.82 

12 30.137 66.92 

13 30.099 67.06 

14 30.157 66.85 

15 30.102 67.05 

16 30.168 66.8 

17 30.168 66.8 

18 30.112 67.02 

19 30.113 67.01 

20 30.083 67.12 

Average 30.10 67.06 

 

 

Figure 4: Plan view of the temperature contour on the 

sport arena. 

The temperature distribution’s contour of the arena as the 

result of the simulation is provided in Figure 4. Hence the 

RH% distribution obtained from the simulation is 

illustrated in Figure 5.  

 

Figure 5: Plan view of the humidity contour on the sport 

arena. 

Temperature and RH% on the Spectator Seats 

Figure 6 describes the temperature distribution’s contour 

on the spectator seats obtained from the simulation. For 

the spectator seats, the temperature at the west side wall 

is lower than the east wall. This correlates with the data 

where the air speed from inlet ventilation at the west side 

is lower than at the east side. The lowest temperature at 

the West side wall is 29.61oC, while the highest 

temperature is 30.3oC, occurred at the East side wall. The 

lowest humidity on the West side wall is 67.22% and 

61.91% on the North and South walls (see Figure 7).  

 

Figure 6: Plan view of the temperature contour on the 

spectator seats 

 

Figure 7: Plan view of the relative humidity contour on 

the spectator seats 

Discussion 

Analysis of the thermal conditions are done on two areas 

in the building which is the sport arena or field and the 

spectator seats (seats that located on a tribune).  

The interval of the temperature difference on the sport 

arena shown in Figure 4 is as great as 0.59oC and the 

interval of the humidity difference is 2.36% as shown in 

Figure 5. The results indicated a uniform thermal 

condition on the arena or field which is a good condition 

in terms of thermal comfort. Average temperature and 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
632

 

 
  



humidity are 30.09oC and 67%, respectively. This thermal 

condition for the arena is accepted based on the criteria 

for an indoor temperature of a non-air conditioning 

building, which is ideally 26.0oC to 30.7oC (Hussein, 

Rahman, & Maria, 2009). Using the Indonesia National 

Standard (SNI), this sport hall is categorized as a comfort 

warm condition. 

In overall, the temperature difference on the spectator 

seats in Figure 6 ranges around 0.69oC and the humidity 

differences (see Figure 7) is around 5.31%. These data 

have indicated a thermal condition of comfort warm for 

the spectator seats in this sport hall, as well.  

Figure 8 shows the air velocity distribution on the sport 

field or arena. Areas mapped in read show where the air 

velocity exceeded 0.1 m/sec, or exceeded the maximum 

air velocity for a badminton match (Sport England, 2011). 

Therefore, given this air velocity condition, the arena is 

poor in serving its purpose as a badminton field. However, 

if the arena is used for basketball match, then due to the 

type of activity being performed, this arena is not 

providing enough air movement for cooling. In general, 

using the SNI standard, in order to achieve a thermal 

comfort condition, then the air velocity should be at least 

for a temperature of 27.7oC. This means, if the room 

temperature is above 27.7oC as what seems to be 

happening in this sport hall, then the air velocity should 

be increased. From the measurement, only a few of the 

areas on the sport field that is experiencing air velocity up 

to 0.3 m/sec. 

 

Figure 8: Air Velocity Contours on the Arena 

From the discussion above, we can see that this sport hall 

is providing a different thermal comfort condition for two 

different sports. In the purpose for badminton match, the 

air inlet velocity needs to be reduced and vice versa for 

the use of basketball match. 

One of the advantages of having the thermal condition 

simulated is that it visualizes the air movement, therefore 

a recommendation for further improvements can be made. 

For instance, if mechanical ventilation is needed in the 

case where the air velocity needs to be increased.  

Figure 9 describes the condition where the low 

temperature air fills in the bottom area of the room air 

volume while the hot air moved up. This is what is known 

as the stack effect. It causes the thermal condition of a 

cooler air near the arena surface as compared to the upper 

areas (spectator seats). 

 

 

Figure 9: Air velocity distribution pattern inside the 

building 

The simulation also provided the air changes per hour 

(ACH) value of 6.14. This value is a lot larger than the 

minimum ACH required for a badminton sport facility 

which is 1.5 (Sport England, 2011). The results of the 

ACH value indicates that this sport hall does not require 

any additional exhauster for ventilation purposes. 

Conclusion 

The thermal condition on the indoor field during the 

daytime in this multisport building is described by the 

average temperature of 30.09oC and relative humidity of 

67%. Using the standards, it meets the comfortably warm 

criteria. Similar to the spectator seats that also indicated 

of having a comfortably warm condition.  

As a multisport building, on the arena requires different 

air inlet velocity when it is used as basketball arena and 

badminton arena. The inlet ventilation should therefore 

apply a system that can be adjusted accordingly to the air 

velocity requirements in order to obtain the optimum 

building performance.   

The air movement is actually already showing a good 

pattern with an ACH value of 6.14. This condition is one 

that does not quire the addition of an exhausted 

windows/ventilation.   
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Abstract 
High Volume Low Speed (HVLS) fan is gaining 
popularity for the use in large and naturally ventilated 
spaces in Singapore’s buildings, such as sports hall and 
hawker centre (Singapore’s low-cost food court), etc., to 
ensure good Indoor Air Quality (IAQ) and to improve 
thermal comfort. The aim of this paper is to study the 
design of different HVLS fan blades to improve its 
performance and its impact on airflows and velocities in 
a naturally ventilated food court. The approach of the 
study is through CFD simulations using OpenFOAM of 
different HVLS fan blades design and apply it to a hawker 
centre building in Singapore. There are four types of blade 
designs, especially on the blade’s tip design, studied in 
this research work. 
Introduction 
In hot and humid climate of Singapore, the use of air 
conditioning system is very extensive to cool down 
building spaces. However, it is not energy efficient, 
especially in transient spaces such as atrium, hawker 
center (Singapore’s low-cost food court), and 
aboveground open-air Mass Rapid Transit (MRT) station. 
One of the solutions is to install HVLS fan, which 
operates by rotating at a lower resolution per minute as 
compared to “traditional” ceiling fan. Yet, an HVLS fan 
is able to produce more draft and reduces electricity 
consumption (Tetlow, K., 2018). The diameter of HVLS 
fans span between 3 and 7 meters (Moshfeghi, 2014). The 
fan size is determined by the land size, which the fan 
would be installed. A bigger area requires a larger fan. 
While the use of HVLS fans are getting more popular, the 
use of Computational Fluid Dynamics (CFD) simulation 
to evaluate the performance of an HVLS fan is still very 
challenging for most of consultants. Engineers and HVLS 

fan suppliers would base on generic catalogue to design 
and calculate the assumed air velocity and flow pattern. 
As a result, design errors emerge.  
In this research work, four blade designs were studied 
their performances for further improvement for the newly 
designed HVLS fan blade. The new blade design would 
have an improved air velocity and larger in coverage area. 
In addition, the influence of fan speeds, i.e. rotation per 
minute (RPM), of the new blade were also studied.  With 
the improvement in air velocity and circulation, its RPM 
can be further lowered and hence, reducing energy 
consumption. 
Methodology 
The overall CFD simulation scenarios in this study are 
shown in the following diagram (Figure 1). There are two 
stages of simulations. The first stage is to select the best 
performance blade of four blade designs (Figure 2). The 
four blade designs are circular arc, double wedge, twisted 
blade and modified branded HVLS fan with extended flap 
at 0o. 
After conducting the first stage of simulations, it was 
found that Blade Design 4 has the best performance by 
evaluating the average air speed produced by the fan (the 
results are discussed in the next section). A comparison 
study was also done between the original blade design of 
branded HVLS fan and modified blade design selected in 
the second stage of simulation.  
The simulations then moved on the second stage, where 
different flap angles were tested, ranging from 0° to 70° 
with intervals of 10° increment (Figure 3). The selected 
fan blade design from the second stage simulations was 
then applied into a hawker centre space as shown in 
Figure 4 to Figure 6

 
Figure 1: Simulation scenarios and fan development stage.
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Figure 2: Four blade designs in first stage of CFD 

simulation. 
CFD Methodology 
The whole process of simulation used a two-step 
sequential procedure, where firstly, a regional model 
based on multiple reference frame (MRF) approach for a 
single HVLS fan was developed. This model was used to 
obtain the velocity and turbulence profiles of fan-induced 
flows. These profiles were then applied as the boundary 
conditions in a hawker centre space to emulate the 
impacts of multiple HVLS fans 
 

 

 

 
Figure 3: Different flap angles studied in the second 

stage of CFD simulation. 

(a) 

(b) 

(c) 

(d) 

(e) 

(a) 
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Figure 4: Hawker centre used in simulation study. 

 

 
Figure 5: Positions of fans in the Hawker Centre. 

 

 
Figure 6: Placement of the fan from floor level (section). 

 
Figure 7: Mesh systems of fan blade simulations. 

The domain sizes for fan blade design simulations (Figure 
7) and hawker center application (Figure 8) are X-16m, 
Y-16m, Z-47m and X-70m, Y-52m, Z-10.32m, 
respectively.  The total number of cells are 5,105,979 and 
5,492,357 for fan blade design simulations and hawker 

center application respectively. Figure 9 shows the mesh 
systems for multiple reference frame (MRF) zone. 

 
Figure 8: Mesh systems of hawker center simulations. 

 
Figure 9: Mesh systems of MRF zone. 

The simulations used OpenFOAM, an open source CFD 
toolbox (OpenCFD, 2018). Table 1 shows the different 
steps that needs to be done before the actual simulation 
can be performed and the meshing level used. 

Table 1: Steps to conduct CFD simulation using 
OpenFOAM. 

Steps taken Processes in each step 
1) Meshing of 
HVLS fan and 
MRF Zone 
(fanMesh) 

Background mesh, i.e. Level 0 
• dx = 16/25 = 0.4; 
• dy = 16/25 = 0.4; 
• dz = 5/15 = 0.33; 

Meshing level for local mesh around 
the fan: 4 

• dx =0.4/24 = 0.025; 
• dy = 0.025; 
• dz = 0.020625; 

Mesh within the bounding box     min  
(-2  -2  -0.5 ) ->  max  ( 2  2  0.5 ) 
were refined to level 4 
Meshing level for fan: 7 
Meshing level for MRF Zone: 6 
Meshing shape: Hexahedron 

2) Simulate 
the fan 
rotation to 
obtain the 
wind profile 
(fanRotate) 

Rotation speed of the fan was input 
into the system.  
Different speed would be used for 
different scenarios. 
The baseline of the rotation speed is 
90 revolutions per minute. 

3) The MRF 
zone are 
separated into 
2 different 
zones, i.e. 
pressure side 

The fan is separated into two sides – 
pressure side and suction side. 
Pressure side refers to the wind 
produced (downdraft) during 
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and suction 
side. 
(fanZone) 

rotation when air is pushed 
downwards. 
Suction side refers to the suction of 
surrounding air at the top surface of 
the fan. Figure below illustrates the 
pressure side and suction side. 

 
4) Data 
obtained 
through fan 
rotation would 
be captured in 
the different 
zones. 
(fanData) 

The location would be input in the x, 
y and z direction. 
In the study, 3 fans were used in the 
building, the location are as follow: 
Fan 1: 30, -24, 3 
Fan 2: 36, -24, 3 
Fan 3: 42, -24, 3 

5) Meshing of 
building 
model and 
MRF Zone 
(centerMesh) 

Meshing level for building: 3 
Meshing level for MRF Zone: 3 
Meshing shape: Hexahedron 

6) Simulate the 
fan rotation in 
the building 
model to 
obtain the 
wind profile 
(windFlow) 

Meshing and fan performance data 
was incorporated at this stage to 
produce the final result.  
This would enable us to view the 
performance of the fan in different 
building designs or fan installation 
height. 

 
The assumptions used in the simulations are, as follows: 
• Three-dimensional (3D) steady-state simulations for 

incompressible flow; 
• Two-equation k-ε model with standard wall functions 

to deal with turbulence, as used in some studies 
(Bassiouny and Koran, 2011; Forest and Owen, 2010); 

• Isothermal condition (air temperature is assumed to be 
32oC); 

• The local prevailing wind condition the surrounding 
buildings were not considered in this simulation 

Results and Discussion 
Figure 10 shows the first stage of simulation results. The 
average air speed was compared to identify the optimum 
blade design before moving on to the second phase of 
CFD simulations. Table 2 shows a summary of the air 
speed achieved in the first stage of simulation. The 
optimum blade design was blade design 4, i.e. extended 
flap with average speed of 1.658 m/s at floor level. 
Therefore, blade design 4 was selected to the second stage 
simulations where different blade angles were tested to 

determine the optimum angle to produce the best average 
air speed at the occupancy level. 
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Figure 10: First stage simulation results. 

Table 2: Average air speed of four blade designs. 

Blade Design No Average Air Speed 
(m/s) 

Baseline (Branded HVLS 
Fan) 1.455 

1 (Circular Arc) 1.569 

2 (Double Wedge) 0.762 

3 (Twisted Blade) 1.600 

4 (Branded HVLS Fan with 
extended flap 0 deg) 1.658 

 
Figure 11 shows the results obtained through 

simulations. Based on the second stage simulations, 
average air speed results on the floor level plan were 

obtained. They were then compared to identify the best 
performing blade angle as shown in Table 3: Average 

air speed of Blade Design 4 with different extended flap 
angle. 

Angle of Extended Flap Average Air Speed (m/s) 

0 1.743 

10 1.743 

20 1.826 

30 1.88 

40 1.902 

50 1.911 

60 1.919 

70 1.918 
 
The ventilation performance of the newly design blade 
was compared with the baseline fan in Hawker Centre 
space as shown in Figure 12. The coverage area of a 
higher wind speed can be seen clearly, especially in the 
area below and nearby the fans. The overall average air 
speed at 1-meter height is 0.148m/s. 
  The optimum blade angle was 60°, with average speed 
of 1.919m/s at floor level, a significant increase as 
compared to the baseline fan (see Figure 10a), which 
average wind speed of 1.455m/s. This blade design was 
then selected for the application in the hawker centre 
space.  
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Figure 11: Second stage simulation results. 

Table 3: Average air speed of Blade Design 4 with 
different extended flap angle. 

Angle of Extended Flap Average Air Speed (m/s) 

0 1.743 

10 1.743 

20 1.826 

30 1.88 

40 1.902 

50 1.911 

60 1.919 

70 1.918 
 
The ventilation performance of the newly design blade 
was compared with the baseline fan in Hawker Centre 
space as shown in Figure 12. The coverage area of a 
higher wind speed can be seen clearly, especially in the 
area below and nearby the fans. The overall average air 
speed at 1-meter height is 0.148m/s. 
 

 
Figure 12: Performance of fan in Hawker Centre for 

baseline fan and Blade Design 4 Extended Flap at 60o 
(90RPM). 
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Figure 13: Performance of Blade Design 4 Extended 

Flap at 60o for 80, 70 and 60 RPMs. 
Table 4: Average air speed of Blade Design 4 Extended 

Flap at 60o for various Rotation Per Minute (RPM). 
Rotation Per Minute 

(RPM) 
Average Air Speed 

(m/s) 

90 1.919 

80 1.700 

70 1.488 

60 1.271 

 

Figure 14:Performance of fan in Hawker Centre for 
baseline fan and Blade Design 4 Extended Flap at 60o 

(70RPM). 
With the performance improvement in air speed for the 
blade design 4, three different rotational speeds were 
studied to test the performance of the fan for potential 
energy consumption reduction. The parameters of the fan 
were kept the same, except for their rotational speed.  
The results are shown in Figure 13 and Table 3: Average 
air speed of Blade Design 4 with different extended flap 
angle. 

Angle of Extended Flap Average Air Speed (m/s) 

0 1.743 

10 1.743 

20 1.826 

30 1.88 

40 1.902 

50 1.911 

60 1.919 

70 1.918 
 
The ventilation performance of the newly design blade 
was compared with the baseline fan in Hawker Centre 
space as shown in Figure 12. The coverage area of a 
higher wind speed can be seen clearly, especially in the 
area below and nearby the fans. The overall average air 
speed at 1-meter height is 0.148m/s. 
 
. A similar average air speed of around 1.4m/s can be 
achieved by the newly designed blade only at 70 RPM as 
compared to 90 RPM for the baseline fan. The RPM 
reduction certainly reduces the energy consumption used 
to ventilate the space. 
The simulation of the reduced RPM speed in the hawker 
center space (Figure 14) shows that it still can achieve a 
better air ventilation distribution as compared to the 
baseline fan at a lower RPM. 
Conclusion 
Through this study, it was found that blade designs and 
blade angles affect a fan’s performance and area of 
coverage. At the initial stage, four blade designs were 
studied, before extended flap blade design (blade design 
4) was chosen for further studies. The extended flap angle 
at 60o was found to have the best performance. From the 
different simulations, fans with different RPMs may be 
used to either increase air speed or decrease energy 
consumption. For instance, if building owners wish to 
achieve the similar velocity produced by traditional fan, 
he may adopt the newly designed blade yet rotating it at a 
slower rotational speed. Furthermore, when the newly 
designed blade rotates at the same speed as a traditional 
fan, the former is able to provide a much higher velocity.  
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Limitation of study 
In the CFD simulation of hawker centre space, the 
surrounding buildings were not modelled, and the 
external wind condition was not considered due the 
limited computing power.  
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Abstract 

A recently published study presented a new type of 

natural ventilation (NV) flow, named pumping 

ventilation. The oscilatory mechanism of vortex shedding 

that occurs at the wake region of an isolated building 

drives this new type of ventilation in rooms with two (or 

more) openings facing the leeward or windward side of an 

isolated building. 

This paper presents a validated Large Eddy Simulation 

(LES) study of oscillating/pumping NV in an isolated 

building using three different separations (s’) between its 

two windows. LES is validated using an experimental 

database from measurements performed at the University 

of Gävle boundary layer wind tunnel (WT). The 

measurements use a cubic model with 0.45m side 

representing a three-story building at a 1/20 scale that 

allows the use of bottom-hung windows. LES results 

show a good agreement with the measured non-

dimensional ventilation rates. A dimensionless analysis 

shows the dominant frequencies of the pumping flow, are 

close to the Strouhal frequency. 

Introduction 

From a fluid mechanics perspective, buildings can be 

regarded as bluff stationary bodies obstructing the wind. 

This obstruction creates flow boundary layers near the 

front and sides of the building, that, in the downstream 

region of the flow separate from the building surfaces to 

create a wake surrounded by two shear layers. The 

interaction of these shear layers creates periodic vortex 

shedding that may drive airflow in rooms with two (or 

more) openings facing the leeward or windward side of 

the building. This recently discovered (Daish et al. 2016) 

type of natural ventilation flow is called pumping 

ventilation, in reference to the alternating nature of the 

shear layer instability that drives the flow. The finding 

was made possible by an extensive WT measurements 

campaign that covered different natural ventilation 

strategies and whose results were the basis of guidelines 

for building designers (Linden et al. 2016). 

As an approach to study natural ventilation, WT 

measurements are known for their accuracy and ease of 

use. However, WT studies may also have several 

limitations, e.g. the size of the models is often restricted 

due to the wind blockage effects; or, regarding the 

measuring equipment, being difficult to measure the 

correct variable at the crucial locations. To facilitate the 

analysis, computational fluids dynamics (CFD), can be 

used to calculate a flow solution, working in combination 

with WT studies. 

Brief review on CFD simulations for natural 

ventilation on buildings 

CFD has been increasingly used as a tool to study flow 

patterns around buildings and natural ventilation driving 

mechanisms (Blocken 2014). Despite the unsteadiness 

that defines every natural ventilation flow, there are some, 

such as single-sided ventilation through one aperture 

(SS1), cross-ventilation between two opposite façades 

(CV) and corner-ventilation between adjacent façades 

(CR), where their ventilation driving forces may be 

considered as quasi-stationary since the flow is 

statistically steady (Linden 1999). Therefore, for these 

ventilation mechanisms, RANS may be a suitable choice 

due to its ease of implementation, faster computation time 

and reliable results. RANS has another great advantage 

over other turbulence models such as LES, hybrids 

RANS-LES or DNS; it has been successfully applied and 

validated for different flow mechanisms during the past 

decades (Shirzadi, Naghashzadegan, and A. Mirzaei 

2018; Park et al. 2017; Linden et al. 2016). However, 

there are indications, from previous studies (Blocken 

2015; Yoder, DeBonis, and Georgiadis 2015; Ricci et al. 

2018), that RANS CFD models may not be a suitable 

approach for flows driven by unsteady shear such as 

pumping ventilation. For these cases LES may be a more 

suitable approach that, in combination with WT 

experiments, can be used to investigate the flow driving 

mechanism behind pumping NV.  

Kobayashi et. al (2018) performed a CFD study of a three-

dimensional (3D) cubic model with two plain apertures, 

using LES. The study includes three cases of pumping 

ventilation with variable window separation, s'. The 

results show there is an increase in the ventilation rate for 

higher separations (confirming the results obtained by 

Daish et al. 2016). Finally, it concludes the empirical 

orifice equation has limitations when the wind pressure 

coefficient difference (WPCD) is below 0.1. Furthermore, 

a new empirical model, based on the orifice equation, is 

proposed with a new parameter addition: the standard 

deviation of WPCD. The estimated airflow rate error for 

pumping ventilation is always below 30%. 
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Figure 1: (a) Distribution of spires and roughness elements within the wind tunnel; (b) Wind velocity and turbulence 

intensity measured profiles of the WT boundary layer. 

Present study 

This paper presents LES simulations of oscillating NV 

driven by vortex shedding in an isolated building, 

validating LES with a high-quality WT experimental 

dataset. The model used in the WT experiments is more 

realistic than typical studies due to the inclusion of a real 

type of window, being of the utmost importance since 

most real buildings do not have plain openings; instead, a 

partially opened and tilted windows are the usual NV 

configuration. After validation, the LES model is used to 

investigate the strength of the flow driving mechanism, 

that, in a previous study (Daish et al. 2016; Kobayashi et 

al. 2018), was found to increase with opening separation 

(s) scaled by the building width (Wb), s’=s/Wb.  

Wind tunnel experiments  

Wind tunnel description 

The experiments of this study are performed at the 

atmospheric boundary layer wind tunnel of Gävle 

University (HiG), in Gävle, Sweden. This closed-circuit 

wind tunnel has a test section of 3m [width] by 1.5m 

[height] that extends by 11m [length] (see Figure 1-a). 

The WT airflow is provided by two large fans that 

generate air velocities between 0.5m/s and 27m/s at the 

turntable center. Inside the WT, air temperature is 

controlled through a thermocouple and an HVAC system 

is available to maintain constant a predetermined air 

temperature. As shown in Figure 1-a, during the 

measurements the WT has a set of five equally spaced 

triangular spires placed at the inlet of the test section and 

parallelepiped shaped surface roughness elements 

situated at the ground from the spires to the turntable, 

creating the intended boundary layer at the measurement 

site.  Figure 1-b shows the wind velocity and turbulence 

intensity (TI) profiles of the given boundary layer. 

Experimental measurements 

The three-story model used for the WT experiments is a 

reduced-scale cubic building with a 0.45m side, 

representing a 1/20 scaled building (see Figure 2). Each 

floor has 0.15m height. Measurements were performed 

only on the middle floor. The measured room has 4mm 

thickness walls and the bottom-hung square-window 

aperture has 0.075m side; is tilted by 14 degrees to the 

interior of the room; and it has the same thickness of the 

walls. The measurements are made for three different 

window separations, s’: 0.25, 0.50 and 0.75. The 

ventilation rate is measured using the decay method. 

Carbon-dioxide (CO2) is used as a tracer gas, injected 

from the floor of the room, close to its center using a thin 

vertical rod with holes in various directions (achieving 

well-mixed conditions). A sampling grid with 15 evenly 

spaced points is used to measure the CO2 concentration 

levels inside the room at a 20Hz rate. The use of the decay 

method to measure effective flow, combined with a closed 

WT make the measuring of the background CO2 

concentration mandatory. Therefore, the CO2 

concentration inside the WT is also measured. 

 

 

Figure 2: Dimensions of the scaled building model used 

in the wind tunnel measurements. 

Experimental results 

Figure 3-a shows the background and the interior mean 

CO2 concentrations during a WT pumping ventilation 

measurement for the case with a separation of 0.50. The 

shape of this CO2 concentration is similar across all the 

measured cases, the typical shape of a pollutant 

concentration when a decay method is used to measure 

the ventilation rate. Initially, there is a period of  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
645

 

 
  



 

 

Figure 3: (a) Interior mean and background CO2 concentration profiles during a measurement; (b) Logarithm of the 

interior mean CO2 concentration and the linear period during the decay. 

pollutant injection and mixing inside the measured room, 

resulting in a great increase of CO2 concentration inside 

the room. The next period is when the pollutant 

concentration stabilizes. Finally, last period is when the 

pollutant injection stops, and its concentration starts 

decaying with the non-polluted air that flows in. 

Calculating the ventilation rate through a multi-point 

method requires that the logarithmic CO2 concentration 

during the decay period behaves as a linear function, as 

shown in Figure 3-b.  

To compare the three measured cases a normalized 

ventilation rate, Q’, is used 

 Q’ = Q / ( Uref . Aeff ) (1) 

Where Q is the ventilation rate in m3/s; and Uref is the 

reference velocity which in this study is the velocity at 

building’s height UH (≈3.5m/s). Aeff is the effective 

opening area, defined by 

 Aeff = ( A1.A2 ) / ( A1
2 + A2

2 ) 1/2  (2) 

Where A1 and A2 are the area of each opening [m2].  

 

Figure 4: The three measured ventilation rates with a 

linear trendline and its correlation coefficient, R2. 

The variation of the non-dimensional ventilation rate, Q’, 

with the window separation, s’, is shown on Figure 4. The 

non-dimensional ventilation rate increases linearly with 

s’, as the correlation coefficient, R2, very close to one 

suggests. The ventilation improvement is notorious; it 

goes from a value of 666 when s’=0.25 to a value of 954 

when s’=0.75, an increase of 43%. 

As can be seen on Figure 5, three pumping ventilation 

crucial moments are captured. Injecting smoke inside the 

measured room with the WT in running conditions, allows 

for a perfect visualization of this driving mechanism: the 

vortex shedding. On Figure 5-a there is a vortex close to 

the right trailing edge of the building that creates a high-

pressure zone at the right window. Thus, the air flows in 

from the right window and flows out from the left 

window, as the smoke suggests. On Figure 5-b stands for 

the transition period between the right vortex that is 

weakening and going downstream, and the left vortex that 

is taking shape by the instability created upstream at the 

building’s front façade. Lastly, on Figure 5-c the left 

vortex is already formed, creating a high-pressure zone 

close to the left window (inflow) and a low-pressure zone 

at the right window (outflow). 

CFD simulation 

The CFD simulations were performed using the 

commercial package software of ANSYS Fluent 19.2. 

The three measured cases from the WT are simulated and 

validated using a single meshing method. 

Computational domain and mesh 

The CFD model has the same scale as the WT model and 

the computational domain dimensions are the 

recommended by the CFD best practice guidelines 

(Franke 2007). Therefore, the top of the domain is put 5H 

away from the top of the model, as well as the side 

boundaries and the inlet. Finally, an outlet is located at 

15H from the back of the model. As shown in Figure 6-a, 

the total dimensions of the domain are 4.95(W) x 9.45(L) 

x 2.70(H) m3. 

The mesh used for these CFD simulations is based on a 

mixture of different types of cells, resulting from the new 

ANSYS Fluent mesh feature called Poly-Hexcore (see 

Figure 6-b). The feature produces non-tetrahedral meshes; 

mixing prismatic, polyhedral and hexahedral cells 

together to avoid highly skewed cells that are often 

produced in meshes with tetrahedral cells. The meshes 

have a minimum volume of 1.2x10-11 m3 and a maximum 

volume cell of 2.1x10-3 m3. With more than 5000 cells in 

the cross section of each window and hundreds of 

thousands of cells in the downstream vicinity of the  
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Figure 5: Top view of the oscillatory driving mechanism for pumping ventilation using smoke (s’=0.75): (a) presence of 

a left vortex – air flows from the right window to the left window; (b) no presence of vortexes –  transition period 

between the left and right vortexes (and vice versa); (c) presence of the right vortex – air flows from the left window to 

the right window. 

 

 

Figure 6: (a) Domain dimensions; (b) Close view of the window’s mesh for a separation s’=0.25. 

Table 1: Number of cells for each LES simulation. 

Window separation, s’ Number of cells 

0.25 1 605 525 

0.50 1 716 368 

0.75 1 666 202 

 

Figure 7: Comparison of non-dimensional ventilation 

rate between WT experimental measurements and the 

LES simulations. 

model, the pumping mechanism can be properly solved at 

the windows as well as the vortex shedding mechanism 

that drives the flow. The growth rate is imposed to be 

always less than 1.2. Table 1 shows the number of cells 

for each simulated case. 

Boundary conditions 

A uniform velocity distribution across the inlet is imposed 

in order to have an approaching wind profile (measured 

with an empty domain) where the computed velocity at 

building’s height, UH, equals the measured velocity at the 

wind tunnel for the same height. The outlet plane has a 

zero static pressure condition applied. Both the sides and 

top boundaries are set to zero normal velocities and zero 

normal gradients to the remaining flow variables. The 

model surfaces and the domain ground are defined as 

stationary walls with the no slip shear condition and have 

a zero diffusive flux condition for the pollutant specie. A 

constant volumetric source of CO2 pollutant is set within 

the measured room during the simulations with a flux of 

8.2x10-5 kg/(m3.s). 

Numerical methods 

The inherently transient LES equations are solved using 

the Smagorinsky-Lilly (SL) turbulence model with a 

dynamic subgrid-scale (DSGS) model for the filtering 

operation (Germano et al. 1991). This combination of the 

SL turbulence model with a DSGS model was recently 

used to validate SS2 natural ventilation flows (Arinami et 

al. 2019). For the velocity-pressure coupling, the 

Pressure-Implicit with Splitting of Operators (PISO) 

scheme is used in combination the Non-Iterative Time-

Advancement (NITA) scheme. The convection terms 

have a bounded central differencing schemes and the  
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Figure 8: (a) Flow rate at one of the model’s window (green: inflow; red: outflow); (b) Power spectra density of the 

flow rate (red dashed line: theoretical dominant frequency). Both results refer to s’=0.25. 

pressure and CO2 terms have a second order discretization 

schemes. A bounded second order implicit scheme is set 

as the transient formulation. The time step size is 1x10-3s, 

giving an average Courant–Friedrichs–Lewy (CFL) 

number of 0.36. The simulations run for 100 000 

timesteps, resulting in a total of 100s and more than 36 

flow-through times (the entire computational domain). 

The minimum value for the residuals is identical for the 

three simulations and are 10-6 for momentum and 10-5 for 

continuity and CO2. 

Simulation results 

Ventilation rate comparison 

The method used to extract the effective ventilation rate 

from the LES simulation was the constant release method. 

A simulation period of 100s allowed for the interior mean 

CO2 concentration to stabilize and remain constant during 

several seconds. The non-dimensional ventilation rate, 

shown in Figure 7, is an average value of the last five 

seconds of each simulation. 

LES results show the three simulated cases have an error 

lower than 10% when compared to the experimental 

measurements in the WT. For the cases s’=0.25, s’=0.50 

and s’=0.75 the errors were -8%, +6% and -1%, 

respectively, as shown in Figure 7. 

The LES results are also treated using power spectral 

analysis. The results from this method were compared 

with  the Strouhal frequency, obtained from the following 

expression 

 St = fd . L / U∞ (1) 

In which fd is the dominant frequency of the phenomenon 

in Hz, L is the characteristic length of the object [m] and 

U∞ is the free-stream velocity [m/s]. A typical St number 

for rectangular cylinders is 0.10-0.15 (Knisely 1990). 

Figure 8-a shows the flow rate through one of the 

windows of the model during the last 30 simulation 

seconds. The green and red zones show when that window 

is the inflow or the outflow region, respectively. Applying 

a discrete Fourier transform to the simulated flow rate 

data converts its time domain into a frequency domain. 

Thus, the dominant frequency of the vortex shedding can 

be identified. Figure 8-b shows the frequency domain of 

the simulated window’s flow rate where the highest peak 

of the spectrum is the simulated dominant frequency (fd  = 

0.51Hz). The red dashed line represents the theoretical 

dominant frequency of the vortex shedding for a typical 

St number (fd  = 0.77Hz). 

Conclusion 

This paper presents a study of the oscillatory mechanism 

that drives pumping natural ventilation in an isolated 

building with two bottom-hung windows.  

Experimental results show that the ventilation rate is 

proportional to the window separation, s’. The LES 

simulation is validated for all cases using WT 

measurements. The simulated ventilation rates are in 

close agreement with the measured ventilation rates in the 

WT, showing an error that is always below 10%. LES 

simulations also show the expected oscillatory flow rate. 

Further analysis shows a simulated vortex shedding 

frequency that is 33% lower that the theoretical value. 

Although there is a discrepancy between the simulated 

and theoretical, it is important to point out that the 

theoretical Strouhal number comes from two-dimensional 

vortex shedding studies. The pumping flow driving 

mechanism is three-dimensional. 

These preliminary results indicate that LES is suitable to 

predict with good accuracy the ventilation rate that is 

driven by a pumping mechanism for an isolated building. 

Limitations of present study 

This study may have some limitations related with: a lack 

of a grid sensitivity study, which may impact the 

confidence in the obtained results; the use of a uniform 

velocity distribution across the inlet, where a proper 

atmospheric boundary layer may be imposed in the future; 

values of CFL that are higher than 1 within few cells. 
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Comparative study on pollution-block performance of ceiling-supply air curtain system for 

commercial building entrance 
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Abstract 

Air curtain is often used as a dynamic barrier to separate 

indoor and outdoor environments. This investigation 

evaluated the pollution-block performance of ceiling-

supply air curtain system with varying air supply angles, 

volume flow rates, and velocities, using a validated 

computation fluid dynamics (CFD) model. The study 

found that the pollution-block performance of different air 

supply angles of air curtain was related with air supply 

velocity. The study predicted that with a constant air 

supply velocity, varying air supply volume flow rate had 

little impact on preventing outdoor pollution entering the 

building. For ceiling-supply air curtain, the recommended 

air supply velocity should be large enough to ensure the 

supply air to strike the floor before it is blown away by 

the outdoor wind at the entrance. 

Introduction 

Outdoor particulate matter (PM) pollution is severe in 

China that is harmful to human health. Particulates can 

enter building across open door and/or window and 

worsen indoor air quality. Air curtain is often used as a 

dynamic barrier to constrain heat and mass transfer 

between indoor and outdoor environments. Improving the 

pollution-block effect of air curtain is an important 

subject for building engineers. 

Significant effort has been put recently to investigate and 

improve air curtain performance by both experimental 

and simulated studies. For example, Elharriry et al. (2013) 

demonstrated the importance of air curtains on cold rooms 

by CFD. Gil-Lopez et al. (2013) analysed energy savings 

and hydrothermal condition improvements by means of 

air curtains through experiment. Goubran et al. (2016) 

presented an experimental study to verify and further 

investigate the flow characteristics of building entrances 

equipped with air curtains and found that experiment and 

simulation provided similar results. Gonçalves et al. 

(2012) studied the influences of different air curtain 

locations. However, the existing researches didn’t address 

the effects of different air curtain supply angles, volume 

flow rates, and velocities. 

This investigation evaluated the pollution-block 

performance of a ceiling-supply air curtain system at a 

commercial building entrance with varying air supply 

angles, volume flow rates, and velocities, using a 

validated computation fluid dynamics (CFD) model. The 

goal was to identify a suitable air curtain design in order 

to block mass and heat transfer (particularly PM2.5) from 

the outdoor environment. 

Methods 

CFD technique has been widely used to analyse the mass 

and heat transfer of air curtain. An unstructured mesh was 

adopted for the spatial discretization of the domain, Tests 

were conducted to verify the independence of the results 

with mesh size. The total grid number of grids is about 0.5 

million. Many researches (e.g., Maxwell et al., 2016; 

Wang and Zhong, 2014) commonly used the standard k-ε 

model. This research used commercial CFD software, 

FLUENT (ANSYS Inc., 2011) for the numerical 

simulations. The software employs the SIMPLE 

(Patankar, 1980) algorithm to couple the pressure and 

velocity calculation. The study considered the solutions to 

be converged when the sum of the normalized residuals 

for all the cells satisfied the conditions (less than10-6 for 

energy and 10-3 for all other variables). The normalized 

residuals were defined as: 

cellsP nb nb nb P P

P PcellsP

a b a
R

a


 



  





 (1) 

where P  and nb  are the variable of the present and

neighbouring cells, respectively; Pa  is the coefficient of

the variable at the present cell; nba  are the correlation 

coefficients of the variable of the neighbouring cells; and 

b is the source term or boundary conditions. 

Indoor

Building Door

Wall

Wind
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(a) Computation domain 

 

(b) Air curtain 

Figure 1: Computational domain and air curtain model. 

Figure 1(a) shows the CFD computational domain. The 

outdoor PM2.5 concentration is set at 500μg/m3. Outdoor 

wind could enter the building through the entrance when 

the door is open. The wind direction isshown in the 

Fig.1(a).. The wall boundaries are shown in Fig. 1(a) and 

the others are outflow, such as top and other side 

boundaries. Ceiling-supply air curtain is installed above 

the door. Figure 1(b) shows the ceiling-supply air curtain. 

The air curtain parameters tested for all the cases are listed 

in Table 1. A case without air curtain (Case A in Table 1) 

was also modelled for comparison. Volume flow rate can 

be an important factor in blocking the wind. Both air 

supply velocity and supply size influence the volume flow 

rate. This research chose 3 different air supply sizes with 

same supply velocity for comparison. Further, this study 

tested 3 different air supply velocities to analyse the 

influence of velocity. Air supply angle of air curtain also 

influences the pollution-block performance of air curtain. 

Small and large air supply velocities were tested with 4 

air supply angles, respectively. 

Table 1: Tested cases with various design parameters of 

air curtain. 

Case 
Air Supply Size  

(mm) 

Velocity 

(m/s) 

Angle 

(°) 

A NA NA NA 

B 200 5 0 

C 400 5 0 

D 600 5 0 

E 200 2.5 0 

F 200 10 0 

G 200 5 30 

H 200 5 45 

I 200 5 60 

J 200 5 75 

K 200 10 15 

L 200 10 30 

M 200 10 45 

N 200 10 60 

 

Results 

Comparison between experimental data and CFD 

results 

The study first conducted a field test with a portable 

anemometer on the outdoor wind condition and the 

associated air velocity at the entrance when the door was 

open. The measured outdoor wind condition was used as 

the inlet boundary condition. Figure 2 shows the test 

points at the entrance. Figure 3 presents the comparison 

of the measured and simulated velocities at the entrance. 

The comparison reveals a good match between the 

experiment and prediction, validating the CFD model. 

The validated model was then used for the parametric 

studies. 

 

 

Figure 2: Test points at the entrance. 
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(b) Horizon line 

Figure 3: Comparison of measured and simulated 

velocities at the entrance. 

 

Comparison of indoor pollution with and without air 

curtain at the entrance  

The simulation results reveal that an open building 

entrance leads to a large number of particulates flowing 

into the space. The air curtain may partly separate indoor 

and outdoor air environments, thus reducing the indoor 

PM2.5 concentration (Figure 4). 

 

(a) Case A-Without air curtain 

 

(b) Case B-With air curtain 

 

Figure 4: Comparison of the PM2.5 concentration 

simulated with /without air curtain at z=1.5m. 

Influences of supply flow rates of air curtain 

The study predicted that with a constant air supply 

velocity of air curtain, varying air supply volume flow 

rate had some  impact on preventing outdoor pollution 

from entering the building (Figure 5). However, this 

influence was not proportional to the increase of the 

supply volume rate (Table 2).  In other words, increasing 

supply air flow rate is not an effective way to protect 

indoor environments.  
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(a) Air supply size-400mm 

 

(b) Air supply size-600mm 

Figure 5:. Comparison of the PM2.5 concentration 

simulated with different supply flow rates at z=1.5m. 

Table 2: Indoor PM2.5 with different supply flow rates. 

 
Air Supply Size  

(mm) 

Velocity 

(m/s) 

Angle 

(°) 

PM2.5 

(μg/m³) 

A NA NA NA 333 

B 200 5 0 273 

C 400 5 0 225 

D 600 5 0 172 

 

Influences of supply flow velocities of air curtain 

Figure 6 and Table 3 show the predictions with the same 

air supply size but diifferent air supply velocities. 

Increasing supply air velocity obviously improves the 

system performance. Comparing Case C and Case F that 

had the same air supply flow rates shows that Case F had 

a lower indoor PM2.5 concentration. It appears that air 

supply velocity of air curtain has more significant impact 

on the pollution-block outcome. For ceiling-supply air 

curtain, the recommended air supply velocity should be 

large enough to ensure the supply air to strike the floor 

before it is blown away by the outdoor wind at the 

entrance. 

 

(a) Air supply velocity-2.5m/s 
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(b) Air supply velocity-10m/s 

 

Figure 6: Comparison of the PM2.5 concentration 

simulated with different supply flow velocities at z=1.5m. 

Table 3: Indoor PM2.5 with different supply velocities. 

 
Air Supply Size  

(mm) 

Velocity 

(m/s) 

Angle 

(°) 

PM2.5 

(μg/m³) 

A NA NA NA 333 

B 200 5 0 273 

E 200 2.5 0 302 

F 200 10 0 143 

 

Influences of supply angles of air curtain 

Adjusting air supply angle can be an effective solution to 

block outdoor pollutant. Figure 7 and 8 show the airflow 

patterns simulated with different supply angles at the 

middle section of the door when supply air velocity is 

5m/s (small) and 10m/s (large), respectively. Table 4 and 

5 detail the indoor PM2.5 concentrations of these cases.  

When air supply velocity (supply flow rate) of air curtain 

is small, outdoor wind alters air curtain airflow direction 

and pushs the supply air towards indoor. Larger air supply 

angle can overcome the horizontal wind impact and 

enforce the curtain airflow direction to be close to the 

vertical direction as originally planned. As a result, large 

air supply angle can help achieve a low indoor pollution 

concentration. However, if the air supply angle is more 

than 60 °, the air flow direction is over-corrected and will 

be towards outdoor so the oudtoor pollutant can enter the 

building from two sides of the air curtain that results in a 

worse indoor environment. It was noted that even if the 

supply angle was increased, the small air supply velocity 

had worse performance to block pollutants than the large 

air supply velocity. This comfirms the important role of 

supply air velocity.  

 

 

Figure 7: Comparison of the airflow patterns simulated 

with different supply angles at the middle section of the 

door when supply air velocity is 5m/s. 

Table 4: Indoor PM2.5 with different supply angles with 

small supply velocity. 

 
Air Supply Size  

(mm) 

Velocity 

(m/s) 

Angle 

(°) 

PM2.5 

(μg/m³) 

A NA NA NA 333 

B 200 5 0 273 

G 200 5 30 247 

H 200 5 45 241 

I 200 5 60 189 

J 200 5 75 262 

 

When air supply velocity (supply flow rate) is large, the 

influence of outdoor wind on the air flow direction 

decreases. When the air supply angle is less than 30°, the 

air flow direction is towards indoor. When the air supply 

angle is about 30°, the airflow direction is close to the 

vertical direction in which the air curtain has good 

pollution-block performance. When the air supply angle 

is more than 30°, the air flow direction is towards outdoor. 

Mass Fraction

PM2.5（μg/m³）
Outdoor-500

Indoor-143

F

30° 45° 60° 75°
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Figure 8: Comparison of the airflow patterns simulated 

with different supply angles at the middle section of the 

door when supply air velocity is 10m/s. 

Table 5: Indoor PM2.5 with different supply angles with 

large supply velocity. 

 
Air Supply Size  

(mm) 

Velocity 

(m/s) 

Angle 

(°) 

PM2.5 

(μg/m³) 

A NA NA NA 333 

F 200 10 0 143 

K 200 10 15 66 

L 200 10 30 53 

M 200 10 45 55 

N 200 10 60 245 

 

This study found that the pollution-block performance of 

different air supply angles of air curtain was related with 

air supply velocity. Small air supply velocity requires a 

relatively large air supply angle to achieve a lower indoor 

pollution concentration, while large air supply velocity 

requires a smaller air supply angle. 

The simulation results reveal that an open building 

entrance leads to a large number of particulates flowing 

into the space and air curtain may partly separate indoor 

and outdoor air environments. This study found that the 

pollution-block performance of different air supply angles 

of air curtain was related with air supply velocity. Small 

air supply velocity requires a relatively large air supply 

angle to achieve a lower indoor pollution concentration, 

while large air supply velocity requires a smaller air 

supply angle. This can be explained using the pressure 

balance theory caused by the supply air and the outdoor 

wind at the entrance. The study predicted that with a 

constant air supply velocity of air curtain, varying air 

supply volume flow rate had little impact on preventing 

outdoor pollution from entering the building. Among 

various parameters tested, air supply velocity of air 

curtain has the most significant influence on the pollution-

block performance. For ceiling-supply air curtain, the 

recommended air supply velocity should be large enough 

to have the airflow from the air curtain to reach the floor 

before it is blown away by the outdoor wind at the 

entrance. 

Conclusions 

The simulation results reveal that an open building 

entrance leads to a large number of particulates flowing 

into the space and air curtain may partly separate indoor 

and outdoor air environments. This study found that the 

pollution-block performance of different air supply angles 

of air curtain was related with air supply velocity. Small 

air supply velocity requires a relatively large air supply 

angle to achieve a lower indoor pollution concentration, 

while large air supply velocity requires a smaller air 

supply angle. This can be explained using the pressure 

balance theory caused by the supply air and the outdoor 

wind at the entrance. The study predicted that with a 

constant air supply velocity of air curtain, varying air 

supply volume flow rate had little impact on preventing 

outdoor pollution from entering the building. Among 

various parameters tested, air supply velocity of air 

curtain has the most significant influence on the pollution-

block performance. For ceiling-supply air curtain, the 

recommended air supply velocity should be large enough 

to have the airflow from the air curtain to reach the floor 

before it is blown away by the outdoor wind at the 

entrance. 
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Abstract 

Data center cooling typically involves non-uniform 

airflow and temperature distributions, which are affected 

by the IT workload distribution. It is helpful to simulate 

the airflow and temperature to optimize the workload 

distribution. Traditional computational fluid dynamics 

(CFD) simulation is usually time-consuming while 

conventional reduced order models (ROMs), though 

computationally fast, may generate inaccurate results 

even after being fully trained. In Situ Adaptive Tabulation 

(ISAT), contracting to conventional ROM, can make 

prediction with error lower than a user-specified 

tolerance. To demonstrate using of ISAT for optimal 

workload distribution in data center, this paper presents a 

preliminary study of an ISAT-based genetic algorithm 

optimization platform. The ISAT is trained offline by 

using the results from CFD simulations using a 

hypothetical simple data center. The optimal workload 

distribution determined by the platform leads to 

approximately 6.8% of energy savings when compared to 

the benchmark with a uniform workload distribution. We 

note that the time cost for the entire optimization process, 

including the training of ISAT is about 4 hours, which is 

acceptable in the design phase. 

Introduction 

ASHRAE (2015) recommends 27 oC as the maximum 

inlet temperature for the IT equipment. In reality, 

computer room air conditioners (CRACs) in many data 

centers are operated at a significantly lower supply 

temperature to avoid hot spots. While providing 

redundant cooling, this leads to reduced cooling 

efficiency (Tang et al. 2008). Therefore, it has been a 

research topic on how to improve the energy efficiency 

while still providing enough cooling to the data center 

whitespace, where the IT equipment is placed. One of the 

approaches is to optimize the workload distribution such 

that CRACs can operate at a higher supply temperature or 

lower airflow rate (Banerjee et al. 2010).  

Moore et al. (2005) proposed several algorithms for 

workload placement to maximize the supply air 

temperature while ensuring the server inlet temperature 

not exceeding the threshold. Tang et al. (2007) 

investigated several load placement strategies to 

minimize heat recirculation. Among these research, the 

CFD simulations were conducted to obtain the thermal 

map of the data center with regard to workload 

distribution, which required huge computational efforts to 

cover a large number of scenarios.   

To reduce the computational cost, simplified airflow 

models were proposed for fast prediction of indoor 

environment. Zhang et al. (2009) developed a lumped 

model to predict rack-inlet temperatures under various 

supply airflow and rack-load scenarios. Since only one 

effective aggregated rack and cooling unit were 

considered based on a well-mixed assumption, the 

lumped model may fail to capture local airflow pattern 

and temperature distribution. Potential flow models were 

used to predict the airflow and temperature distribution 

(Toulouse et al. 2009). However, the potential flow model 

is an approximate and simplified model, which may not 

be as accurate as CFD, particularly when simulating the 

jet flows from the perforated tiles.  

Other than using physic-based models to generate 

simplified models, statistics-based approaches, 

sometimes referred to as reduced order models (ROMs) 

were also employed. Proper orthogonal decomposition 

(POD) was used to predict the velocity and temperature 

distribution in an office (Elhadidi and Khalifa 2005) and 

rack-inlet temperature distribution in a raise-floor data 

center (Demetriou and Khalifa 2013). Artificial neural 

network (ANN) models were used to predict thermal map 

of data centers (Moore et al. 2006), perforated-tile 

flowrates and rack-inlet temperatures (Song et al. 2011). 

However, the predictions of such statistics-based models 

may become inaccurate when the queries lie beyond the 

training domain.  

To overcome the limitations of these simplified models, 

an online self-learning ROM called in situ adaptive 

tabulation (ISAT) was proposed. ISAT is a storage-and-

retrieval algorithm that was originally developed by Pope 

(1997) to accelerate turbulent combustion simulations. 

Tian et al. (2018) applied it in the indoor environment 

simulation and presented promising results in terms of its 

training and prediction. ISAT, which allows user to 

specify an error tolerance, retrieves the output of a query 

using linear interpolation if the error of such retrieval is 

estimated within the error-tolerance. Otherwise, as 

opposed to the conventional ROMs that would continue 

the retrieving, ISAT will call a full-scale simulator (such 

as CFD) to resolve the query. We will cover the detail of 

the ISAT in the coming section. 

In this paper, we present an optimization platform based 

on ISAT and genetic algorithm to optimize workload 
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distribution in a hypothetical data center. To accelerate 

the training of ISAT, we employ a fast fluid dynamics 

(FFD) model running on graphics processing unit (GPU) 

(Tian et al. 2017; Tian, VanGilder, Han, et al. 2019; Tian, 

VanGilder, Condor, et al. 2019) to simulate the airflow 

and temperature distributions under different workload 

distributions. With the optimal workload distribution 

determined by the platform, CRAC supply-air 

temperature can be increased approximately by 0.8 oC, 

and this leads to 6.8% cooling energy savings. 

Methodology 

Introduction of ISAT and FFD 

The idea of ISAT is to dynamically establish a lookup 

table, based on which a new query can be quickly 

evaluated by local linear regressions (Pope 1997).  

In both training and evaluation stages, to answer a new 

query, ISAT will first determine the nearest record to the 

query point. If a query point is within the Ellipsoid of 

Accuracy (EOA) of the nearest record in the ISAT table, 

ISAT will estimate outputs using linear approximation 

(retrieve). If the query point is outside the EOA of the 

nearest record, ISAT will simultaneously perform a linear 

approximation (retrieve) and a direct evaluation by 

calling CFD simulations to determine the outputs.  

Afterwards, the error between the solutions from retrieve 

and direct evaluation will be compared. If the difference 

is less than the total error tolerance, a grow action will be 

executed to enlarge the current EOA of the record to 

include the query point; Otherwise, an add action will be 

performed to store the query point and its related data as 

a new record in the ISAT table. The detailed description 

of the workflow of the ISAT algorithm can be found in 

(Tian et al. 2018).  

To accelerate the training process, we employ FFD 

running on graphics processing unit to perform the 

airflow and thermal simulation. FFD is a faster alternative 

to traditional CFD. FFD solves the same governing 

equations as CFD does, but employs a different solving 

technique. FFD was reported to be 50 times faster than 

CFD and an additional factor of 30-1000 times speedup 

can be achieved using parallel  computing (Zuo and Chen 

2010; Tian et al. 2017). Tian, VanGilder, Han, et al. 

(2019) adopted FFD to simulate data center airflow and 

found that FFD could achieve comparable accuracy to 

CFD with the potential of significantly reduced solution 

time. The readers may refer to (Zuo and Chen 2009; Tian, 

VanGilder, Han, et al. 2019) for detailed description of 

FFD. 

Optimization platform based on ISAT-FFD 

The idea of ISAT-FFD is that the prediction can be 

retrieved based on an existing data record if the estimated 

error is within a pre-defined tolerance. Otherwise, the 

prediction will be obtained by calling FFD to conduct an 

airflow and thermal simulation. We have conducted some 

preliminary studies to evaluate using of ISAT-FFD for 

indoor airflow simulations (Tian et al. 2018).  

 

Figure 1: Framework of the ISAT-based genetic 

algorithm (GA) optimization platform 

In this study, the optimization is performed based on 

ISAT after it is fully trained offline using FFD 

simulations. As shown in Figure 1, an optimization 

platform that links ISAT-FFD with genetic algorithm 

(Mitchell 1998) is developed to automate the whole 

process from training/evaluation of ISAT to genetic 

algorithm optimization.  

The conventional airflow optimization evaluates the 

fitness function (also called objective function, which 

may be, for example, best thermal comfort) by directly 

performing airflow simulations (e.g. CFD or FFD) to 

predict the indoor velocity and temperature distribution 

and then calculate the predicted mean vote (PMV) to 

evaluate the thermal comfort. Different from conventional 

method, the idea of this optimization platform is that we 

first train a reduced order model ISAT by a series of data 

set extracted from airflow simulations. For example, we 

may use a series of data set including the boundary 

conditions (as inputs) and the corresponding average 

velocity and temperature at the occupant zone (as outputs) 

to train the ISAT and store data in a database. Then the 

ISAT should be able to predict the average velocity and 

temperature at the occupant zone for a new boundary 

condition based on existing neighboring points in the 

database.  

After the training finishes, the genetic algorithm is called 

to perform optimization as shown in Figure 1. The genetic 

algorithm first generates a series of candidate solutions 

(initial population), which are then evaluated and sorted 

with fitness function predicted by ISAT. Through 
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selection, crossover and mutation, better solutions will be 

inherited to the next generation with a higher probability. 

After iterations of the above procedure until the genetic 

algorithm is converged, the optimal solution will be 

exported. The advantage of this platform is that a fully-

trained ISAT should be able to evaluate the performance 

of candidate solutions using the retrieve action (linear 

regression) for most cases, which is much faster than full 

airflow simulations. 

Case Study 

In the data center airflow management area, the rack-inlet 

temperature is a critical parameter to evaluate the cooling 

performance, which can be influenced by multiple factors, 

such as, CRAC supply air temperature, and airflow 

pattern near the racks (which may lead to mixture of hot 

air with cool air). The maximum rack-inlet temperature 

should not exceed 27 oC per ASHRAE specs (ASHRAE 

2015). As a result, if the maximum rack-inlet temperature 

is raised due to local hot spots caused by mixture of hot 

air with cold air in front of the racks, the cooling system 

has to lower supply air temperature or increase supply 

flowrate, which leads to a lower efficiency of the cooling 

system.  

The workload distribution, which this paper is focusing 

on, has significant effect on the airflow pattern near the 

racks and further influences the rack-inlet temperature. 

Therefore, we could eliminate the hot spots by optimizing 

workload distribution and increase the supply air 

temperature to improve the cooling. 

FFD Modeling of the hypothetical data center 

The whitespace (data center room where the IT 

equipment is placed) is 6.7m, 5.5m, 3.7m in length, 

width, and height, respectively. The total whitespace 

floor area of the reference data center is 36.8 m2 (396 ft2) 

and the layout is shown in Figure 2. The data center 

includes 10 racks with a total power of 60 kW. CRAC 

pumps cool airflow to the raised-floor plenum, and the 

supply airflows is distributed to the inlet of racks through 

10 25%-open-area perforated tiles. The cool airflow is 

then drawn into the racks, heated, and extracted from hot 

aisles back to the CRAC directly through the room 

without a ceiling plenum. We note that this hypothetical 

data center is proposed to reflect a typical data-center 

layout. 

The total workload is evenly distributed over 10 racks in 

the benchmark. The IT airflow is estimated as rack power 

multiplying by 212 m3/h/kW (125 cfm/kW). The total 

supply airflow rate is 12,750 m3/h, which leads to an air-

ratio of 1. 

For modeling simplicity/convenience, we made the 

following simplifications. First, only whitespace is 

modeled, and the underfloor plenum is excluded. Since all 

the perforated tiles in this case are 25% open-area-ratio, 

to model the whitespace and under-floor plenum in a 

detached way is justifiable, as the airflows in the two 

spaces are fairly separated (Tian, VanGilder, Han, et al. 

2019).  Second, we employed a black-box rack model and 

therefore workload is shifted from rack-rack (as opposed 

to IT-to-IT). For the detailed description of the rack 

model, refer to literature (Tian, VanGilder, Condor, et al. 

2019). 

 

Figure 2: Plan view of the hypothetical simple data 

center 

Settings for FFD Simulations 

As recommended by VanGilder and Zhang (2008), FFD 

simulation adopted an uniform 6 inches (0.15 m) grid, 

resulting into a total of 38,016 cells. Since FFD simulation 

is inherently transient; we use a time step size of 0.1 s and 

simulation time of 200 s, which is adequately long to 

reach steady-state conditions. FFD employs a zero-

equation turbulence model (Dhoot et al. 2016). The FFD 

simulation was performed on a workstation with 4 

Intel(R) Xeon(R) E5-1603 CPUs and an AMD FirePro 

W8100 GPU and the results of initial tests showed that the 

time cost of a FFD simulation is about 61 s. 

Training of ISAT-FFD 

From sensitivity analysis, we found that the IT power of 

the racks located at the ends of the rows have relatively 

larger influence on the overall maximum rack-inlet 

temperature. We assume that the powers of Rack-1 and 

Rack-6 are always the same (represented by Input 1) and 

the powers of Rack-5 and Rack-10 are always the same 

(represented by Input 2). For other racks, we assume that 

the remaining IT power is uniformly distributed over the 

6 racks in the middle of the rows. 

Table 1: Results of training ISAT-FFD models for the 

three cases 

Items\Cases Case 1-1 Case 1-2 Case 1-3 

No. of Queries 255,497 15,630 4,190 

No. of Retrieve 253,673 15,433 4,103 

No. of Grow 1,542 160 63 

No. of Add 282 37 24 

Training Time (hr.) 34.7 3.8 1.8 

We proposed three cases with predefined total error 

tolerances: 0.2 oC, 0.4 oC, and 0.6 oC for Case 1-1, 1-2, 

and 1-3, respectively. The two inputs range from 1.0 kW 

to 10.0 kW. The output is the maximum rack-inlet 

temperature of the 10 racks. The results of the three cases 

are shown in Table 1Table 1. In Case 1-1, the total 

number of queries used in the training is 255,497, in 

which 99.3% are retrieve actions, 0.6% are grow actions 

and 0.1% are add actions. In Case 1-2 and Case 1-3, the 

total numbers of queries drastically dropped to 15,630 and 
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4,190. Consequently, the numbers of the retrieve, grow 

and add actions are also significantly decreased. As a 

result, the training process takes 34.7 hours for Case 1-1, 

and only 3.8 hours and 1.8 hours for Case 1-2 and Case 

1-3.  

 

Figure 3: Error distributions of evaluation points for the 

three cases 

After the training was completed, we evaluated the 

accuracy of the ISAT table using 50 randomly-generated 

data points (the same 50 data points for each case) and 

correlated the prediction accuracy with the user-defined 

total tolerance in the training. As shown in Figure 3, the 

errors of ISAT predictions for the evaluated points are 

generally within 0.2 oC, 0.45 oC and 0.85 oC for Case 1-

1, Case 1-2 and Case 1-3, respectively. Moreover, 75% of 

the predictions of the queries are within 0.12 oC, 0.25 oC 

and 0.45 oC for the three cases, respectively. Generally, 

we conclude that the ISAT prediction error is at the same 

order of the total error tolerance specified at training 

stage. To achieve a balance between prediction accuracy 

and training cost, we think that 0.4 oC is a proper error 

tolerance for this specific case. 

Optimization of Workload Distribution 

The optimization of the rack workload distribution was 

performed based on the trained ISAT. Here we note that 

although we chose 0.4 oC error tolerance in Case 1-2 for 

training of ISAT, we also include the optimization results 

based on Case 1-1 and 1-3 for comparison. 

We set in GA the population size to be 30 and the number 

of generations to be 100. The crossover and mutation 

probabilities are set to be 0.6 and 0.1, respectively. The 

fitness function of the optimization study is to minimize 

the maximum rack-inlet temperature when the total 

supply flow rate of the CRAC remains unchanged.  

The optimization results are shown in Table 2. Generally, 

the three cases obtain similar optimal solutions. The 

optimal values of Input 1 and Input 2 are in the range of 

about 1.0-1.3 kW and 9.6-9.9 kW, respectively. The 

maximum rack-inlet temperatures with optimal workload 

distributions are 15.4 oC from ISAT predictions for the 

three cases. To evaluate the accuracy of the ISAT-based 

optimization, we performed a FFD-based optimization. 

The results show that there is only 0.1 oC difference 

between the ISAT predictions and the results from FFD 

simulations for the three cases. 

Table 2: Optimization results of the three cases 

Items\Cases Case 1-1 Case 1-2 Case 1-3 

Fitness 

Function 

Minimize maximum rack-inlet 

temperature 

Input 1 (kW) 1.22 1.01 1.27 

Input 2 (kW) 9.57 9.9 9.88 

ISAT Output 

(oC) 
15.4 15.4 15.4 

Direct FFD 

Simulation (oC) 
15.5 15.5 15.5 

Figure 4 compares the time costs for performing 

optimization in different cases. The time cost of FFD-

based optimization (FFD-GA), which directly calls FFD 

simulations to perform optimization, is roughly estimated 

by the time cost of each FFD simulation (61s) and the total 

number of FFD calls (3000) during the optimization. Case 

1-1, Case 1-2, and Case 1-3, which first train ISAT using 

FFD and then perform optimization by calling ISAT, take 

only 69.1%, 7.7% and 7.1% of the time of the FFD-GA.  

 

Figure 4: Comparison of time costs for FFD-based 

optimization (FFD-GA) and ISAT-based optimization 

(Case 1-1, Case 1-2 and Case 1-3) 

Evaluation of Energy-Saving Potential 

The CRAC supply air temperature can be scaled up until 

the rack-inlet temperature reaches maximum threshold 

recommended by ASHRAE to improve cooling 

efficiency. In the present case, the maximum rack-inlet 

temperature is decreased by 0.8 oC from the benchmark 

by optimizing workload. Therefore, the supply air 

temperature of CRACs can be raised from 20.7  oC to 21.5 
oC. Based on the empirical formula describe in (Moore et 

al. 2005), the coefficient of performance (COP) is 

estimated to be increased from 3.39 to 3.63, which results 

in an energy saving of 1.1 kW. The cooling energy saving 

percentage is estimated to be 6.8% by optimizing 

workload distribution compared to the benchmark with a 

uniform workload distribution. 

Conclusion 

This paper proposes an optimization platform that 

integrates ISAT with a global optimization engine to seek 
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the optimal IT workload distribution. The platform is 

demonstrated using a hypothetical data center, in which 

ISAT is trained by using FFD simulations. With an error 

tolerance of 0.4 oC, the training cost of ISAT is 

approximately 3.8 hours and the optimization takes an 

additional 0.1 hours. Compared to the benchmark having 

a uniform workload distribution over racks, the optimal 

workload distribution results into an increase of supply air 

temperature by 0.8 oC, and this is estimated to save 6.8% 

of cooling energy. In the future, we can further this study 

by exploring advanced ISAT training method to reduce 

training time cost and perform more case studies using 

real data center layouts. 
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the accuracy, completeness, or usefulness of any 

information, apparatus, product, or process disclosed, or 

represents that its use would not infringe privately owned 

rights. Reference herein to any specific commercial 

product, process, or service by trade name, trademark, 

manufacturer, or otherwise does not necessarily constitute 

or imply its endorsement, recommendation, or favoring 

by the United States Government or any agency thereof. 

The views and opinions of authors expressed herein do 

not necessarily state or reflect those of the United States 
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Abstract 
The market for chilled beams is predicted to grow by 
more than 150% in the next 10 years and the primary 
reason for their increasing popularity is their low 
operating costs and high energy savings potential. It 
becomes imperative that the design and installation of 
such a system are optimized for maximum energy 
savings. In the present work, we study the influence of 
the location of the active chilled beam in a room on the 
thermal comfort of the occupants and the energy usage 
for attaining that thermal comfort. When located 
optimally in the room, the chilled beam can counter 
the impact of adverse outdoor environments while 
simultaneously maintaining optimal energy usage. 
Computational Fluid Dynamics (CFD) simulations are 
employed to model the room in consideration and 
simulate during the summer months, with experiments 
performed on one orientation of the room and the 
chilled beam for the CFD validation. Thermal comfort 
is quantized using the Fanger’s Predictive Mean Vote 
(PMV) model. Optimal location calculated using 
Kriging modelling and Genetic algorithm places the 
chilled beam at three-fourths mark (x/L = 0.75-0.8) 
along the length of the room closer to the external 
window. 

 

Introduction 
Chilled beams are considered an efficient alternate to 
conventional fan-coil air conditioning systems. 
Chilled beams typically have no moving parts, utilize 
minimum fan energy and have a better air distribution 
system, leading to higher energy efficiency and better 
thermal comfort. These perks are contributing to their 
increased demand across the world, especially in 
commercial spaces. Warm air rises, goes through the 
chilled beam, gets cooled by the interaction with 
chilled recirculated water and falls back into the 
occupied space. In active chilled beams, the 
ventilation air is directly delivered to the beam and is 

integrated to the air-handling system, while a passive 
chilled beam needs to have a special ventilation 
system to ensure proper air quality. Chilled beams 
utilize the Coanda effect to help disperse the 
conditioned air throughout the room, according to the 
design settings. They create an induction for the warm 
air to automatically rise faster and pass through the 
chilled beam, thereby reducing the need for a fan coil 
to drive air flow. However, they typically have higher 
initial costs and can lead to condensation if not 
properly designed. Another major drawback is the lack 
of proper design criteria for positioning of a chilled 
beam in a room. This present work aims to address this 
issue, by identifying the optimal location of a chilled 
beam in a general commercial conference room, 
consisting of an external window.  

Numerous studies have been conducted to understand 
the operation of active and passive chilled beams and 
their impact on the comfort levels of humans in the 
occupied zones. The air flow pattern determines how 
quickly the conditioning happens in the room (Muller 
et al, 2004) and the external weather conditions play a 
major role in this interaction. Air flow in rooms is 
primarily driven by two factors- air conditioning and 
buoyancy flows from heat sources. These flow 
patterns and interactions were studied by Koskela et 
al. (2012), for the case of space cooling. More recent 
studies on chilled beams have been performed by Kim 
et al. (2018) and Wu et al. (2018).   

The current study involves an active chilled beam with 
a 4-pipe connection, located in a commercial 
conference room in Andover, Massachusetts (USA). 
This manuscript is based on experiments conducted in 
the room and computational simulations performed 
using ANSYS Fluent and Airpak. Commercial spaces 
and conference rooms typically aren’t occupied at all 
times, but periodically and frequently. Also, chilled 
beams are known to perform better for spaces where 
the air-conditioning system is sized based on cooling 
and heating loads, rather than the ventilation. 
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Periodically and intermittently occupied commercial 
spaces fall into this category. Buildings with heat gain 
from equipment and solar radiation are also good 
avenues for installation of chilled beams. The present 
work also deals with such a case- with internal heat 
gains and a large external window contributing to a 
considerable amount of solar heat gains. The primary 
objective of this study is to understand the 
effectiveness of chilled beams especially in extreme 
external weather conditions in simultaneously 
achieving thermal comfort and consuming the least 
energy possible.  

 

Methodology 
The conference room has floor dimensions of 5.8 m x 
5.5 m and has a ceiling-floor distance of 2.8 m. It has 
one side of the longer dimension as an external wall, 
facing North. The external wall has a large window, 
completely covering the entire wall area from a height 
of 0.75 m until the ceiling. The other three walls are 
internal walls connected to other rooms of the 
building. The room has a false ceiling alongside the 
chilled beam ducts, rendering almost zero heat transfer 
through the top boundary of the room. The floor is 
concrete-based and acts as a thermal mass. The chilled 
beam is located 1 m away from the external window 
and parallel to it and is 2.8 m in length. The wall 
opposite the external window has a door with a 
leakage area around it. The door is 0.8 m wide and 2.5 
m tall. The room has a projector connected to the 
ceiling and a couple of tables with multiple chairs, 
providing occupancy for a maximum of 8 people to sit 
in. Apart from the incoming solar radiation through the 
external window, the other sources of heat generation 
are the projector, humans, and laptops. Lighting used 
in the room is almost zero due to the large unshaded 
external window. Depending on the temperature set-
point in the thermostat located on the wall opposite the 
external window, the chilled beam either cools or heats 
the space.  

Experiments were conducted in the months of May, 
during which the outdoor temperature in Andover, 
Massachusetts was in the range of 20-25oC. The 
measurements of velocity were conducted using hot-
wire anemometers (TSI VelociCalc Air Velocity 
Meter 8345; +-0.015m/s accurate). Temperature 
readings at various locations in the interior room space 
were recorded using multiple thermocouples (TSI 
VelociCalc 8345; 0.3oC accurate) and surface 
temperatures were measured using an Infrared Camera 
(Flir E5 Wi-Fi Infrared Camera; +-2% accurate. 
Additionally, the concentration of carbon dioxide in 
the room was also monitored (Telaire 7001 CO2 
sensor; +-50 ppm accurate). This is crucial in the 

operation of the active chilled beam with control logic 
to bring in the outdoor fresh air to meet a specified set 
point of CO2 concentration. This in effect would add 
additional conditioning load to the chilled beam. 

Computational Fluid Dynamics (CFD) was 
implemented through the commercial softwares of 
ANSYS and Airpak. The test room was modelled to 
the actual dimensions and all the features of the room 
included, as shown in Figure 1. Radiation was 
modelled using surface-to-surface radiation 
calculations. K-epsilon RNG model was implemented 
to model turbulence characteristics in the room. The 
chilled beams were modelled to deliver a constant 
flow rate of air, according to the manufacturer 
specifications. For the purpose of the study, the fan 
coil unit integrated with the chilled beam was assumed 
to be operating at constant air flow rates. The rate of 
flow of chilled water in the beam was also assumed to 
be constant.  

 

 
Figure 1: 3D model of the experimental room, as modelled 

in Airpak, indicating the variables used in this study. 

 

 
Figure 2: Plane cutting across the humans in the middle of 

the  room, on which the CFD results are realized and 
presented in later sections of the paper 
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Figure 3: Dynamic meshing adopted for the CFD 

simulations, shown near the chilled beam system in the 
room 

 

Weather data files from the Boston weather station 
were used for simulating the outdoor conditions. The 
epw files were provided as inputs to the model, with 
the external temperature, relative humidity and solar 
loading as the primary input features. The heat sources 
in the room were modelled as solid objects with 
specific heat emission rates. These include human 
beings, electronic equipment like laptops and 
projectors and lighting. Three of the four boundaries 
of the room were modelled as adiabatic surfaces, with 
the fourth one being the external window. The corridor 
connecting the door with the other part of the building 
was assumed to be maintained at a relatively uniform 
temperature and relative humidity. This corridor plays 
a role in incorporating the end effects of flow through 
the door of the room and is hence important to be 
considered for modelling.  The ceiling is considered 
adiabatic, with a false ceiling in place for the 
installation of a chilled beam. The floor is modelled as 
a concrete slab of finite thickness to account for its 
thermal mass properties. The simulations were 
performed considering 4 occupants. The basic 
governing equations involved in the simulations using 
the finite volume method are the continuity equations 
and the conservation of momentum and energy. The 
actual compressible version of these equations used is 
shown below. 

 
𝜕𝜌
𝜕𝑡

 ∇. 𝜌𝑈  0 (1) 

 
 ∇. 𝑈. 𝜌𝑈  𝜌𝑔  ∇𝑝

 ∇. ⌈𝜇 ∇𝑈  ∇𝑈 ⌉  
(2) 

 
𝜕𝜌𝑐𝑇

𝜕𝑡
 ∇. 𝜌𝑐𝑈𝑇 ∇. 𝑘 ∇𝑇 𝑃∇. 𝑉 (3) 

 

Mesh generation is dynamically performed as 
illustrated in Figure 3, with finer mesh sizes near the 
surface of solid objects and courser sizes away from 
them. The minimum size of the mesh was determined 
by the minimum boundary layer thickness against any 
particular surface, in order to capture the boundary 
physics in the model. Grid independence study was 
done to determine the optimum number of mesh points 
in the model, as shown in Figure 4. A nominal value 
of mesh size was chosen where the change in accuracy 
of the simulated values of temperature and velocity 
were found to be less than 1% when doubling the 
number of grid points.  

 

 
Figure 4: Grid Independence Study for CFD analysis to 

determine the optimal number of grid points for meshing. 
The variable in testing was air temperature (in oC) at a 
specific location in the room, indicated on the y-axis. 

 

One of the most widely used thermal comfort models 
for mechanical conditioning scenarios is the Fanger’s 
PMV (Predictive Mean Vote) model. Fanger’s PMV 
correlation is based on the identification of sweating 
rate and skin temperature needed for the optimal 
thermal conditions. It is defined by six different 
variables- air temperature, relative air velocity, mean 
radiant temperature, mean aid humidity, clothing 
insulation and metabolic rate. One set of equations to 
determine them are shown below, extracted from the 
data of Rohles and Nevins (1971). 

             Tsk, req =96.3 − 0.156*qmet,heat               (4) 

             qsweat, req = 0.42*(qmet, heat – 18.43)      (5) 

 

PMV is calculated using the below set of equations. 
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PMV = 4 + (0.303 exp(-0.036H) + 0.0275) x {6.57 + 
0.46H + 0.31Pa + 0.0017H*Pa + 0.0014H*Ta - 4.13 

fcl (1 + 0.01dT) (Tcl - Tr) – hc*fcl (Tcl - Ta)}; 
     (6) 

 

Where each individual variable term has its own 
separate equation based on the surrounding conditions 
of temperature, humidity, pressure etc. PMV is 
measured on a scale of -3 to 3, positive numbers 
indicating hot conditions and negative indicating cold. 
A higher magnitude of the PMV value indicates that 
the condition is more uncomfortable. Ideally, a range 
of +0.75 to -0.75 is considered a well-conditioned 
space for humans to occupy. PMV has been known to 
be challenging to use in the real world, in terms of its 
dependency on physiological conditions and 
subjective perception of occupants. However, it is one 
of the best known and accurate thermal comfort model 
available for mechanically air-conditioned buildings. 
The next better and widely used alternative to PMV is 
the Adaptive Thermal Comfort standard, which is 
valid only for buildings without mechanical air-
conditioning.  

The variables of interest in this work are the relative 
positioning of the chilled beams, with respect to the 
room dimensions. They are treated as non-dimensional 
numbers, considering ratios of x to L and z to W, as 
indicated in Figure 1. The variables x/L and w/D vary 
from 0 to 1, with both values zero indicating top left 
corner and 1 indicating bottom right corner as 
represented in Figure 1. The objective functions are 
taken to be the mean PMV values of the occupancy 
space in the room and the operational time of the air 
conditioning system, represented by the transient time 
the model takes to achieve the set-back temperature in 
the space right next to the thermostat. In the current 
study, the thermostat setpoint is taken as 23oC and the 
operational time is defined as the time taken for the 
computational gridpoint near the physical location of 
the thermostat to attain a temperature of 23oC. The 
thermostat is generally located on the wall opposite the 
external window, on the other side of the positioning 
of the door. In calculating mean PMV, the central 
region of the room is considered as primary occupancy 
space. Owing to different normalizations of both these 
objective functions, weighted means method of 
unifying into a single objective function will not prove 
effective. It becomes imperative to solve this case as a 
multi-objective optimization problem. Additionally, 
the simulations performed in this study are limited to 
the summer months, i.e., mechanical cooling of the 
occupied spaces. A similar analysis can also be 
extended to winter seasons.  

A preliminary validation study was performed with the 
experimental readings of temperature and velocity 

inside multiple locations of the room. The vertical 
gradient of temperature was also checked for in the 
accuracy of the numerical simulations. Figures 5 and 
6 compare the temperature and velocity readings from 
experiments with CFD simulations adjacent to the 
door, with the door being kept open. The CFD 
simulations gave sufficiently accurate values and 
trends of temperature and velocities as compared to 
the experiments in the test room, keeping the error 
percentage around 8.  

 

 

 
Figure 5: Validation of the CFD studies with experimental 
data- air velocity at various vertical points inside the room 

adjacent to the door, with door open 

 

 
Figure 6: Validation of the CFD studies with experimental 
data- air temperature at various vertical points inside the 

room adjacent to the door, with door open 
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Modelling and Optimization of CFD 
results 
CFD is a very comprehensive, yet computationally 
intensive and time consuming modelling technique. It 
is logistically not possible to run a CFD simulation 
every time any optimization algorithm needs a data 
point. This is usually dealt by employing a simpler 
modelling technique to fit the particular results of a 
CFD simulation that we are looking for- in this case, 
the mean PMV values and operational time of the air 
conditioning equipment. A detailed hierarchical 
process flow is illustrated in Figure 7.  

 

 
Figure 7: Flow chart detailing the modelling and 

optimization procedure adopted in this study 

  

In order to generate the sample set of input points to 
run the CFD simulations, Latin Hyper Cube Sampling 
is implemented. Ten sampling points were created 
using LHS. Owing to the relatively simple dependence 
of the objective functions on the variables, ten 
simulations were good enough to get a good model fit. 
However, as one tries to expand this work to more 

Problem Definition

(Identification of objective functions 
and design variables)

Design Space Characteristics

(Limiting upper and lower bounds of 
design variables)

Design of Experiments

(Selection of sets of design variables, in 
this case using Latin Hyper Cube for 

CFD)

Numerical Simulation

(Determination of objective function values 
from the designed experiments using CFD 

Simulations)

Surrogate Model Construction

(Construction of a  surrogate model using 
Kriging method)

Search for Optimal Design Solution Set

(Use of Genetic Algorithm to search globally for 
an optimum solution set from the generated 

Kriging surrogate)

Optimal Design Variable Set

(Various sets of optimal points are taken from the generated 
pareto front)
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complex parameters (varying internal heat sources, 
varying chilled beam outlet parameters etc.) and cases 
(example- simultaneous simulation of summer and 
winter month scenarios), a larger number of sample 
points are recommended- at least of the order of full 
factorial sampling. While implementing LHS in 
generating the ten points, the orthogonality feature 
was invoked, ensuring an even better distribution of 
the sampling points in the domain space. With the 
orthogonality incorporated into LHS, the total sample 
space is divided into equally probable subspaces. All 
the sample points are chosen simultaneously such that 
the total ensemble of chosen sample points represents 
a Latin Hyper-cube sample and each subspace is 
sampled with the same density. This way, LHS 
produces a better sampling data from the domain of 
the room while being dimension-independent.  

Kriging is a method of interpolation for which the 
interpolated values are modelled by a Gaussian 
process. It has sufficient flexibility to represent multi-
modal and non-linear functions, even for a small set of 
data points. This modelling process is governed by 
prior covariances. DACE (Design and Analysis of 
Computer Experiments) toolbox in MATLAB R2018b 
was used to model using the Kriging method, which 
was developed by Lophaven et al. (2002). Required 
changes are made to fit the toolbox to the present 
study.  

The optimizer used in the present study to locate the 
optimum points from the models developed by 
algorithms discussed above is the Genetic Algorithm 
(GA). The preliminary advantage of GA is its ability 
to converge to the global optimum. Hence, any level 
of multi-modality can be easily taken care of by GA. 
Another advantage offered by GA is its usage of just 
the objective function values in its functional working, 
and not the derivative of the objective functions 
involved. This makes it a derivative-free global 
optimizer, hence allowing it to be robust in its 
application. GA is coded in MATLAB R2018b and 
was integrated with the modelling algorithms. 
Different parameters in GA like the size of the initial 
population, generation number, cross-over, mutation 
and convergence are adjusted to suit the present 
problem. As the chilled beam is moved farther from 
the external window, the PMV is observed to increase, 
but the operational time decreases. However, we want 
an ideal case of lower PMV values and lower 
operational time, making the two objective functions 
in consideration conflicting. Hence, a pareto plot with 
various possible optimum cases is generated. 

 

Results and Discussion 
A few of the CFD simulation results are shown in 
Figures 8, 9 and 10, with their legend represented in 
Figure 11. These correspond to temperature contours 
of air with the varying location of chilled beams. The 
summer extremity temperature of Boston was 
considered, with the outdoor temperature being 35oC. 
These results are plotted on a plane cutting across the 
middle of the room, perpendicular to the plane of the 
external window.  

 

 
Figure 8: Temperature distribution of air on a plane 

cutting through the middle of the room, with CB located 
away from the external window- external temp of 35oC 

 

 
Figure 9: Temperature distribution of air on a plane 

cutting through the middle of the room, with CB located in 
the middle of the room- external temp of 35oC 

 

 
Figure 10: Temperature distribution of air on a plane 

cutting through the middle of the room, with CB located 
next to the external window- external temp of 35oC 
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Figure 11: Temperature legend for the contour plots in 

Figures 8, 9 and 10. 

Table 1 shows the sample points generated from LHS 
and their corresponding CFD simulation results of the 
objective function values. This data was provided as 
input to the Kriging algorithm to train, test and 
generate a model that was utilized by GA to optimize 
the PMV and time values simultaneously. The optimal 
Pareto front is shown in Figure 12.  

Objective 1: Mean PMV 

Objective 2: Operational time of air-conditioning 
(min) 

 
Table 1: Variable and objective function values sampled 

using Latin Hyper-Cube Sampling 

x/L z/W PMV_mean time (min) 

0.333 0.1921 1.43 11.6 

0.2565 0.6721 1.2 8.2 

0.4744 0.8537 0.94 12.8 

0.0046 0.0801 1.92 6.8 

0.1077 0.5099 1.71 7.9 

0.9938 0.792 0.75 29.4 

0.8972 0.3552 0.64 28.9 

0.5403 0.2886 0.87 13.5 

0.7098 0.4186 0.65 18.5 

0.663 0.9852 0.68 15.8 

 

 

 
Figure 112: Pareto front showing the optimal objective 

function values, obtained using Genetic Algorithms 

 

The ideal PMV to be maintained for comfort 
conditions in the room is around 0.5-0.75. Looking at 
these particular values from the Pareto front, we have 
the optimum set of locations for the chilled beam 
placement. This optimal set of objective function 
values are shown in Table 2, along with their 
corresponding variable values.  

 

 
Table 2: Optimal solution of variables with their 

corresponding objective function values, as simulated using 
Kriging- Genetic Algorithms 

Sl. No PMV_mean Time x/L z/W 

1 0.58 20.716 0.79 0.80 

2 0.58 20.714 0.79 0.40 

3 0.59 18.486 0.75 0.44 

4 0.62 17.311 0.71 0.84 

5 0.66 16.446 0.67 0.67 

6 0.73 15.093 0.62 0.40 

7 0.75 14.851 0.61 0.77 

 

 

The best choices among the optimal solution set 
correspond to the PMV values lower than 0.6 and 
operational time around 18-20 minutes (Sl. Nos 1,2 
and 3). They all consistently suggest an x/L ratio of 
around 0.75-0.8. This x/L ratio indicates that the 
optimal location for a chilled beam is almost half-way 
between the centre of the room and the external 
window. If the chilled beams are located too close to 
the external window or any other solid wall, the air 
flow from the outlet of the CB might deflect off of the 
wall and return directly to its inlet, without 
contributing to cooling of the room air. Hence, a 
chilled beam is effective when located adequately 
away from any solid structures. Additionally, chilled 
beams shouldn’t be located directly over occupancy 
areas, as they result in a draft and reduce the comfort 
in those spaces. Having the chilled beam away from 
the external window results in higher horizontal 
temperature stratification as shown in Figure 8, 
leading to thermal discomfort for people closer to the 
external window, especially during the peak season. 
The above phenomena justify the optimal value of x/L 
= 0.75-0.8. However, the results suggest two optimal 
points for z/W value- one around 0.8 and another 
around 0.4. One of the possible influential factors for 
this optimal value is the location of the door- the only 
source of air discharge from the room. Oher influential 
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factor determining the optimal z/W value is the 
location of the heat sources. Assuming that most of the 
heat sources are concentrated in the centre of the room, 
the ideal position to have the chilled beam is slightly 
away from the centre on either side, depending on the 
location of the door. A z/W value of 0.5-0.6 would 
place the chilled beam right over the heat sources and 
would result in a potential draft underneath it.  

To test the efficacy of the Kriging model, a CFD 
simulation was run with the above mentioned 
optimum results (optimum result no 1). The simulation 
results indicated a PMV value of 0.57 and a transient 
operational time of 20.2 min. This is within 5% error 
as compared to the predicted Kriging-GA optimum 
results.  

 

Conclusion 
A detailed CFD analysis of a chilled beam system in a 
room containing an external window was performed. 
Experiments were conducted in a test room for 
validating the CFD results. Cases of varying position 
of the chilled beam were simulated and data points 
collected to provide as inputs to the Kriging model. 
This surrogate model was later optimized using 
Genetic Algorithms. The results indicated that the 
ideal position of the chilled beam would be around the 
three-fourths mark (x/L = 0.75-0.8) in the room 
towards the external window, with some slight offset 
(z/W = 0.4 or 0.8) to the centre in its perpendicular 
direction. This is also backed by the understanding that 
chilled beams would be less efficient when placed 
very close to solid objects and right above heat 
sources. This would not only work for rooms with 
external windows, but to all mid-sized rooms in 
general. Rooms with very large occupancy volume 
might need multiple chilled beams to be installed, 
which would require a separate analysis. A much more 
comprehensive energy analysis using simulation 
software like Energy Plus in the future would give a 
better understanding.  
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Nomenclature 
c Specific heat capacity 
e Emissivity 
F Area parameter 
Fcl Clothing insulation parameter 
g Acceleration due to gravity 

H Metabolic Heat Production 
Hc Convective heat transfer coefficient  
k thermal conductivity 
P Pressure 
Pa Vapour Pressure of Water Vapour 
q Heat or Energy 
T Temperature 
Ta Air temperature 
Tcl Clothing surface temperature 
Tr Mean radiant temperature 
U Velocity Vector 
𝜌  Density 
σ Stephan-Boltzmann constant 
𝜇  Dynamic viscosity 
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Abstract 
As the ever-fasting urbanization, it is important to 
understand urban flow for the health of urban dweller. The 
previous studies on urban flow are conducted under the 
isothermal condition, and seldom pay attention to the 
solar-induced thermal effect. In this paper, one-way 
coupling CitySim-CFD is conducted to evaluate influence 
of solar-induced heating on urban flow within generic 
urban neighbourhood based on the climate characteristic 
and building codes of China. The results show that the 
differences in urban flow between isothermal condition 
and solar-induced heating condition become significant as 
the increase of Richardson number. The solar-induced 
heating have strong influence on outdoor wind 
environment, while the impact on outdoor ventilation is 
not significant. Meanwhile, the hourly distributions of 
Richardson number in each investigated city are presented 
in this paper, which can be a guideline for whether the 
results from isothermal cases are feasible. More 
investigations should be conducted to characterize the 
effect of solar-induced heating on urban ventilation 
parametrically. 
Introduction 
With the rapid urbanization, the portion of the population 
living in urban areas has continuously increased. In 2018, 
55% of the world's population was lived in urban area, 
while it is estimated to reach 68% by 2050 (The 
Population Division, 2018). As the building density 
becomes higher, the air quality has been deteriorating 
within the urban canopy layer, also the urban heat island 
effect (UHI). Good outdoor ventilation is one of the 
possible solution to help diluting pollutant and heat. 
Current studies of flow in urban mainly conducted with 
generic building configurations and real complex building 
configurations in the spatial scale of regional (< 200 km), 
city (<20 km), neighbourhood (<2 km) and street (<0.2 
km) (Britter and Hanna, 2003). Most of the studies on 
pedestrian comfort were conducted at the scale from street 
to neighbourhood with field measurement, wind-tunnel 
experiment and computational fluid dynamics (CFD) 
simulation (Blocken, Janssen and van Hooff, 2012; 
Shahrestani et al., 2015; Antoniou et al., 2017). As the 
flow patterns are determined by the building 
configurations, studies with real building configurations 
are performed as case study of local wind environment 
(Panagiotou et al., 2013; Toparlar et al., 2015), or 

investigate the possibilities and limitations of CFD for 
real urban areas (Antoniou et al., 2017). Studies with 
generic buildings configuration not only provide wind-
tunnel experimental data for CFD validation (Brown et 
al., 2000; Uehara et al., 2000; Allegrini, Dorer and 
Carmeliet, 2013), but also provide the basic insights of the 
relationship between urban morphology and urban 
ventilation (Abd Razak et al., 2013; Ignatius, Wong and 
Jusuf, 2015; Ramponi et al., 2015; Taleghani et al., 2015).  
Large parts of urban flow have investigated the influence 
of urban length, building height variations, building 
layouts, wind directions etc. (Hang et al., 2010, 2015; 
Yuan and Ng, 2012; Buccolieri et al., 2015) the under 
neutral atmospheric condition. Thermal effect is another 
key issue determining urban microclimate. Field 
measurement in Nantes (Louka et al., 2002) during 
summer time shown that the maximum building walls’ 
temperature in the afternoon exceed 50 °C, which cause 
strong buoyancy effect on the flow around the buildings. 
Wind-tunnel experiment with uniform wall heating 
(Allegrini, Dorer and Carmeliet, 2014) indicates that the 
air change rate (ACH) inside the street canyon increases 
strongly with increasing walls’ temperature. As building 
walls are heated up by solar radiation which depends on 
solar position and site location, the building walls’ 
temperature are not uniform in real scenario. The 
orientation of thermal stratification will affect the flow 
structure (Jae-Jin and Jong-Jin, 1999).  
One of the most employed simulation tool is ENVI-met, 
which is simplified 3D model designed to simulate the 
interaction between surfaces, plants and air in an urban 
environment (Bruse and Fleer, 1998). While its resolution 
is rather too low (minimum 0.5 m), and has shortcoming 
in capturing the long-wave and short-wave radiations 
(O’Malley et al., 2015). Coupling CFD and solar radiation 
model can capture the solar radiation and obtain higher 
spatial resolution of local wind-thermal environment. 
Saneinejad, etc., (2014) conducted CFD simulation with 
radiation and porous media model to study the local UHI 
within a two-dimension street canyon. Santiago, ect., 
(2014) coupled CFD simulation with TUF3D model to 
investigate the influence of solar radiation within a three-
dimension street canyon. The results show that the flow 
regime is completely changed with respect to neutral case. 
Nazarian and Kleissl (2016) simulated the urban 
environment with solar-induce surface heating by using 
ANSYS Solar Load Model, it shows that the ACH inside 
the street canyon is a function of horizontal temperature 
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gradient. The urban energy model, CitySim, has detailed 
radiation models for solar radiation and radiation 
exchange between neighbouring buildings, the ground 
and environment with scale ranging from a small 
neighbourhood to an entire city. It is capable of 
computing the hourly irradiation on building surfaces and 
the corresponding surfaces’ temperature. Researchers 
have coupled CitySim and CFD to reveal the influence of 
neighbourhood morphologies, building height topology 
and surface albedo on local heat island (Allegrini, Dorer 
and Carmeliet, 2015; Allegrini and Carmeliet, 2017, 
2018). 
As the ever-fasting urbanization of China, the building 
density will be higher on the foreseeing days, it is 
important to improve urban ventilation for the health of 
people and energy saving. Meanwhile China covers a 
wide temperature gradient decreasing from south to north 
and a large precipitation gradient decreasing from 
southeast to northwest (WU, 2005), it can be an ideal 
place to study the wind-thermal environment within urban 
neighbourhood. In this paper, One-way coupling 
CitySim-CFD is applied to investigate the influence of 
solar-induced heating on the outdoor ventilation within 
typical generic urban neighbourhoods. 
Methods and materials 
λf  (frontal area ratio, ratio of building frontal area to 
ground surface area) and λp  (plan area ratio, ratio of 
building roof to ground surface area) are the typical 
parameters to describe the urban morphology (Grimmond 
and Oke, 1999). For typical urban morphology, λf = 
λp=0.25  (medium size). The typical urban 
neighbourhood-scale models in the field of urban 
ventilation are square layout and staggered layout.  
In this paper, we take the medium size square layout as 
the investigated target. The building width (B), building 
height (H) and distance between buildings (W) are the 
same (B=H=W=30 m), as Figure 1 shows. 

 
Figure 1: The studied neighbourhood-scale model. 

With the fixed array’s parameters, CitySim and CFD are 
coupled to study the outdoor ventilation within the 
generic neighbourhood-scale building array under the five 
different climate zones of China. The numerical 
simulation methodology is that the CitySim generates the 
solar-induced temperatures of building walls and ground 
surfaces as thermal boundary conditions for CFD 
simulation. 
CitySim setup 
The climate data (typical year) and horizon characteristics 
of the investigated locations for CitySim simulation are 
derived from Meteonorm. 
The key building thermal parameters and glazing ratio of 
each investigated city are summarized in Table 1, which 
are complied with Chinese Design Standards for energy 
efficiency of public buildings and the standards of each 
investigated city (MOHURD, 2016; Tong et al., 2016). 
The infiltration is set as 1 h-1, with space heating and 
cooling to maintain the indoor air temperature between 18 
and 26 °C. The openable faction of windows is 50% with 
the shading device of 50%, and the solar reflectance of all 
surfaces is 0.5. The ground surfaces inside the building 
array is set as asphalt with a reflectance of 0.5.  

Table 1: Building thermal parameters and glazing ratio of investigated cities. 
  Guangzhou Kunming Shanghai Beijing Harbin 

Surfaces’ U-value 
[W/(m2⸱K)] 

Wall 0.72 0.72 0.54 0.46 0.35 
Roof 0.44 0.44 0.39 0.39 0.25 
Floor 1.32 1.32 0.46 0.46 0.25 

Windows’ U-value 
[W/(m2⸱K)] 

U-value  2.40 2.40 2.30 1.77 1.76 
G-value  0.20 0.20 0.32 0.37 0.68 

Glazing ratio 

North 0.45 0.40 0.35 0.30 0.25 
East 0.30 0.35 0.25 0.35 0.30 

South 0.50 0.45 0.50 0.50 0.45 
West 0.30 0.35 0.25 0.35 0.30 
Roof 0.04 0.04 0.04 0.04 0.04 

CFD setup 
All simulation cases are conducted as steady state with 
standard k-ε model that solves turbulence equations and 
the energy conservation equation with temperature as the 
solved variable. In addition, buoyancy terms are 
accounted for with Boussinesq’s approximation. The 
simulation cases are solved by the commercial code 

STARCCM+. The computational domain extends 6.7H 
upstream and 50H downstream of the building array, 
height of the domain is 5H. 
The inlet vertical profile of stream-wise velocity U(z), the 
turbulent kinetic energy  k(z)  and the turbulence 
dissipation ε(z) was described by equation (1) to (3). This 
neutral atmospheric boundary layers (Richards and 
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Hoxey, 1993) are commonly used in CFD simulations of 
urban flow. 

                               U(z)= uABL
*

k
ln(z+z0

z0
)                           (1) 

                                    k(z)= uABL
* 2

�Cμ
                                  (2) 

                                  ε(z)= uABL
* 3

kv(z+z0)
                                  (3) 

                              ks=9.793z0/Cs                                  (4) 
Where, uABL

*  is the atmospheric boundary layer friction 
velocity, m/s. k is von Karman constant (0.42). Cμ=0.09 
denotes the model constant. Roughness z0=0.1 m  and 
roughness constant Cs=4, then the roughness height of the 
ground, ks=0.245 m . The distance between the centre 
point P of the ground adjacent cell and the ground surface 
(zP) should be larger than ks, zp=0.25 m is adopted. The 
reference velocities (Uref) at the reference height 10 m are 
based on the investigated cities’ weather data. 
At the lateral sides and roof of the computational domain, 
the symmetry boundary condition is applied. The building 
walls are simulated as smooth, and the floors are 
simulated as rough with the roughness height of 
zp=0.25 m.  
The thermal boundary conditions of building walls and 
ground surfaces within the building array are set as the 

temperatures simulated by CitySim. The ground surfaces 
within the building array are divided into patches of 10 m 
x 10 m. While the thermal boundary condition of the 
ground outside the array is set as ambient temperature in 
order to avoid heating up of the air in the approach flow 
(Allegrini and Carmeliet, 2017). Even though the two-
way coupling, where the walls’ temperatures would also 
change as the local wind velocities, would gain more 
precise results of wind-thermal environment. While the 
aim of this study is to investigate the influence of solar-
induced thermal effect, the lower precise results obtained 
by one-way coupling can be accepted. 
In mesh generation, polyhedral mesh and prism layer 
mesh are employed, the first prism layer is set as 0.5 m. 
The cells number of each the case is around 7 million, and 
the wall y+ ranges from 70 to 3000 of the wall surfaces 
within the building array. The isothermal case is validated 
with wind tunnel experimental data (Brown et al., 2000), 
grid sensitivity study is also conducted. 
The hottest hours are chosen as the investigated summer 
scenarios. In addition, the winter scenarios are set at 17:00 
PM at 15th January when the ambient air temperatures are 
closer to the coldest temperatures. The weather data of the 
investigated scenarios are summarized in Table 2 and 
Table 3. The wind speed is measured at height of 10 m. 
For wind direction, 360° represent the north.

Table 2: Weather data of the summer scenarios in the investigated cities. 

City Month Day of the month Hour Ambient air 
temperature (°C) 

Wind speed 
(m/s) 

Wind direction 
(°) 

Richardson 
number 

Guangzhou 7 31 16:00 38.1 7.4 291 0.09 
Kunming 7 9 16:00 29.8 5.7 294 0.26 
Shanghai 7 21 16:00 38.0 1.8 82 3.35 
Beijing 7 9 14:00 37.8 5.1 283 0.35 
Harbin 6 19 16:00 34.3 3.4 296 0.61 

 
Table 3: Weather data of the winter scenarios in the investigated cities. 

City Month Day of the month Hour Ambient air 
temperature (°C) 

Wind speed 
(m/s) 

Wind direction 
(°) 

Richardson 
number 

Guangzhou 1 15 17:00 8.9 3.7 357 0.17 
Kunming 1 15 17:00 7.4 4.1 357 0.20 
Shanghai 1 15 17:00 -0.8 3.8 42 0.00 
Beijing 1 15 17:00 -5.0 4.3 42 0.12 
Harbin 1 15 17:00 -21.9 3.9 357 0.05 

Evaluation indices 
Velocity ratio (Vr) is a simple index to indicate the wind 
environment at pedestrian level of the investigated site, is 
calculated as: 
                              Vr=UP/Uref                           (5) 
Where UP is the wind velocity at pedestrian level (1.75 m 
above the ground), Uref is the wind velocity at the top of 
the wind boundary layer not affected by investigated site 
feature (ground roughness and buildings). In this study, 
the Uref  is the same as inlet boundary, at the reference 
height 10 m. 

Air change rate (ACH), air exchange per hour for a control 
volume, is widely used in urban ventilation to represent 
the overall ventilation efficiency. 
                           ACH=3600*QT/vol                            (6) 
Where QT  is the total flow rate entering the control 
volume; vol is control volume, the entire neighbourhood 
model; 3600 represent 1 hour is 3600 seconds. 
Normalized velocity ratio (Vr

*), the difference between 
heating condition and isothermal condition, indicates the 
change of wind environment caused by buoyancy effect: 
                       Vr

*= Vr,  heating Vr,  isothermal⁄                       (7) 
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Normalized air change rate ( ACH* ), the difference 
between heating condition and isothermal condition, 
indicates the change of outdoor ventilation efficiency 
caused by buoyancy effect: 
                 ACH*= ACHheating ACHisothermal⁄                  (8) 
Richardson number (Ri), the ratio of buoyancy to inertia 
farces, is non-dimensional number reflect the importance 
of buoyancy. 
                            Ri= gβH(T0-Tref) Uref

2⁄                        (9) 
Where Tref  is the reference temperature, Uref  is the 
reference velocity, here we take ambient air temperature 
and reference velocity at the inlet as reference 
temperature and velocity. T0 is temperature of walls, here 
we take it as the average temperature of all building walls 
and ground surfaces inside the neighbourhood model. 
g=9.81 m·s-2 is the gravity acceleration. H is the building 
height. β  is the thermal expansion rate of air, here is 
0.0033 K-1. 

Results 
Solar-induced thermal condition 
The temperatures of building walls within the layout are 
proximately the same in each orientation. Figure 2 shows 
the average wall temperature of each studied city in the 
hottest day respectively. The walls’ temperature are 
resulted from solar radiation and buildings’ thermal 
characteristic (especially the albedo), it will be the same 
under the same building distance in specified time. In the 
hottest hour of each investigated city, west orientation 
walls have the highest temperature. The highest wall 
temperature happens in Shanghai, exceed 60°C. The 
temperatures of walls and ground surfaces in the 
investigated hours are set as thermal boundary conditions 
in CFD to simulate the outdoor wind-thermal 
environment.

 
Figure 2: Temperatures of buildings’ walls in the hottest hours (A: Guangzhou, B: Kunming, C: Shanghai, D: Beijing, 

E: Harbin; Red line: ambient air temperature, Blue line: south wall, Green line: north wall, Purple line: east wall, 
Yellow line: west wall).

Pedestrian wind-thermal environment 
Figure 3 to Figure 7 present the Vr and ∆t at pedestrian 
level in the five investigated cities under isothermal 
condition and solar-induced heating condition. Generally, 
for the case in Guangzhou (Ri=0.09), Kunming (Ri=0.26) 
and Beijing (Ri=0.35) the airflow patterns are similar 
under isothermal condition and solar-induced heating 
condition. But still exist small differences in the 
downstream. When the Richardson number is getting 
larger, in the case Harbin (Ri=0.61), the local differences 
in flow pattern become obvious.  

For the case in Shanghai (Ri=3.35), the flow pattern is 
totally different with respect to isothermal case. The Vr 
within the canyon is larger than 1, which means the 
buoyancy force is dominating the airflow and increases 
wind velocity. Consequently, more heat is diluted from 
the canyon. 
The Richardson numbers of the winter scenarios selected 
here are quite low (see Table 3), the general airflow 
pattern between the isothermal condition and solar-
induced heating are similar. 

 
Figure 3: Vr and Δt in the hottest hour of Guangzhou (Ri=0.09). 
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Figure 4: Vr and Δt in the hottest hour of Kunming (Ri=0.26). 

 
Figure 5: Vr and Δt in the hottest hour of Beijing (Ri=0.35). 

 
Figure 6: Vr and Δt in the hottest hour of Harbin (Ri=0.61). 
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Figure 7: Vr and Δt in the hottest hour of Shanghai (Ri=3.35).

Analysis of solar-induced thermal effect 
The Ri of each case are calculated to quantify the solar-
induced thermal effect. The variation of Vr

*  and ACH* 
with Ri are presented in Figure 8. In this paper, Ri ranges 
from 0 to 3.35. When Ri closes to 0, the difference of 
velocity ratio between isothermal and heating condition is 
quite small, even can be ignored. As the Ri  becomes 
larger, the buoyancy effect becomes obvious and even 
dominates the airflow. The influence of solar-induced 

thermal effect on the air change rate are not significant. 
The maximum normalized air change rate is 1.14 with 
Ri=3.35. For Ri<0.5, the normalized air change rate is 
almost 1, the solar-induced heating does not affect the 
ventilation efficiency of the neighbourhood canopy. 
Previous research indicates that the street canyon flow is 
buoyancy dominated for Ri>0.5-1.0  (Fernando et al., 
2010), which is also coincided with this study of 
neighbourhood canopy flow.

 
Figure 8: Variation of Vr

* and ACH* with Richardson number. 

While the investigated Richardson numbers are the 
extreme hottest and coldest hours in the five cities. Figure 
9 shows the distribution of hourly Ri in each investigated 
city. The hourly Ri  is divided into Ri<0, 0≤Ri<0.5 and 
Ri>0.5. The solar-induced thermal stratification of each 
city are not the same as their own climate conditions and 
building thermal characteristics. For the five cities, the 
Richardson number is smaller than 0 for more than half 
the times. When Ri<0, the walls’ temperature are lower 

than the ambient temperature, which likely occur in the 
cold hours or night-time. Further investigations should be 
conducted to demonstrate the solar-induced thermal effect 
under Ri<0. For the five cities, the influence of solar-
induced heating is small or can be ignored in less than 
20% of the time. The hours of Ri>0.5 increases in the 
northern cities of China, where have lower ambient 
temperature than the southern cities.  
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Figure 9: Distribution of hourly Richardson number in 

each investigated city. 

Discussion 
In order to obtain the corresponding Ri, the inlet boundary 
conditions (ambient air temperature, reference wind 
velocity and wind angle) of each case are consistent with 
the boundary conditions of CitySim. The initial 
conditions of each case are not the same, later 
investigation should consider the influence of wind speed 
and direction. Meanwhile the setting of albedo is neutral 
(0.5), but it did reflect the complicated thermal 
stratification within the urban neighbourhood canopy. As 
Richardson number is depend on the climate 
characteristic and building configurations (building 
layout, canopy length, building height and surface 
albedo), further investigation should be done with wider 
range of Ri  (especially Ri<0 ) for more general 
conclusions. Meanwhile, this paper just investigated one 
urban morphology (λf =λp=0.25), the influences of urban 
morphology and building thermal characteristics on Ri 
are another topic under consideration. 
Conclusion 
In this paper, one-way coupling CitySim-CFD is 
employed to investigate influence of solar-induced 
heating on outdoor ventilation within generic urban 
neighbourhood. Results show that the solar-induced 
thermal effect will affect the pedestrian level wind 
environment significantly, while it is not significant in 
analysis of urban ventilation. Unlike the previous studies 
under isothermal condition or uniform-heating condition, 
the solar-induced heating will cause non-uniform thermal 
stratification within the urban neighbourhood canopy, 
which alters the airflow pattern consequently. Whether 
the conclusions from isothermal cases are feasible should 
base on the investigated scenarios of location and time. 
More investigations should be conducted to characterize 
the effect of solar-induced heating under different urban 
morphologies parametrically. 
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Abstract 

Residential apartments in India designed with prototype 

designs and natural ventilation based solutions for wind 

incidence angles (WIA) can address the rise in cooling 

loads. This research studies a prototype cluster using  a 

water table apparatus to analyse multi-zone ventilation 

flow with evaluation of relevant architectural details and 

multiple WIAs. The design modifications are evaluated 

including shading, openings, wing walls while 

considering structural, circulation and furniture layout 
issues. The proposed modifications are able to achieve 

more than 80% good access to ventilation to all the units 

for all WIAs while some showed more than 90% good 

access to ventilation. 

Introduction 

About 5.25 million residential units will be added each 

year until 2030 in India, the world’s third largest energy 
consumer, where 45% of the electricity in the residential 

sector is used for ventilation and air-conditioning (EIA, 

2016; Kumar, 2016; Climate Works Foundation, 2010). 

A survey of architects conducted in Pune, India, showed 

that despite designing bedrooms for cross ventilation, 

60% reported making provisions for air-conditioning 

(AC) units such as shelves, chases, electrical outlets, etc. 

New apartment blocks are designed by re-arranging 

prototype designs of individual units, which presents a 

huge opportunity to improve the natural ventilation (NV) 

of the prototypes to reduce the future installation or use 
of ACs and the resulting cooling energy use.   

Of the survey participants, only 20% have reported the 

use of simulation tools through their consultants, while 

67% use intuitive judgement or experience to design 

NV. The performance of NV depends on various 

parameters like orientation, wind incidence angle (WIA), 
form, the openings, obstructions, etc.  Owing to the 

complexity of airflow in the buildings as a result of 

interior partitions and openings, it is difficult to correctly 

anticipate wind flow before the building is erected.  

Previous research used physical modelling tools like 

wind tunnels, smoke test chambers, salt baths, water 
tables. These methods use air or water as a medium to 

visualize airflow and give limited but useful data for 

design decisions. These physical modelling tools use 

soap bubbles, kerosene smoke, titanium tetra chloride 

smoke, etc. to create markers that reveal the airflow 

pattern. The WTA developed at CEPT University, 

however, uses potassium permanganate water to displace 

the clear water in the table to help visualise the air-flow 

path and has been validated by comparing the flow 
patterns with those from a smoke chamber test (Royan, 

2018).  The displacement approach also enables the 

calculation of various ventilation metrics (Mundhe, 

2018). 

This study documents the use of water table simulations 

for a cluster prototype of 1-bedroom-hall-kitchen 
(1BHK) typology of a typical multifamily residential 

design in Pune, India. Ventilation is analysed in terms of 

percentage of area with good or poor access to 

ventilation. This study, considers realistic conditions like 

internal partitions, partial closing of openings with 

sliding shutters, etc. In previous studies exterior 

fenestrations were assumed to be shaded when 

ventilation analyses were conducted. This study however 

first solves the shading problems for different 

orientations before testing the designs for NV. Royan 

(2018) established a methodology to quantify percentage 

of well-ventilated area, area of dead spots, air change 
rate and mixed air temperature. Based on this 

methodology, the effectiveness of the apparatus to 

quantify the results of different design decisions such as 

WIA, opening sizes, and internal obstructions have been 

examined. However, the WTA is limited to wind 

pressure driven effects and lacks the ability to model air 

flow due to buoyancy.  For apartments where most 

openings are at the same height the buoyancy effects are 

ignored and the WTA is considered an adequate 

simulation tool.   

 

Figure 1: Building Floor Plan 

A 14-storeyed residential building located in Pune, India 

was used to select a prototype cluster of apartments. The 

latitude is 18.5ºN and Pune falls in the moderate climatic 

zone in India. The city experiences a maximum 

temperature of 41.3ºC, and a minimum of 5ºC, and had 

2610 cooling degree days (base 18ºC) in the past 12 

months. The building comprises of two identical clusters 
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of four identical 1BHK units on each floor. Though the 

study area was limited to a single cluster (highlighted in 

red in Figure 1), the model included additional adjacent 

units (highlighted in blue in Figure 1) to account for 

their impact. Figure 2 shows a 3-D model of 1BHK unit. 

 
Figure 2: 3D Model of 1BHK unit 

Methodology 

Identification of base case conditions  

To analyse the performance of the existing design (base 

case) for NV, a bare bone structure of the design was 

modified to represent conditions that are most likely to 

prevail during occupancy. These are:  

 Typical sliding window shutters with 1/3rd area of 

the opening blocked due to the stacking of shutters 

when fully opened.  

 Main entry doors remain closed for privacy, bedroom 

doors remain open in 1 BHK apartments, windows 

and doors of kitchen remain open, and toilet and 

bathroom doors remain closed at all times.  

 Windows and glazed doors that allow direct solar 

radiation to enter when the outdoor dry bulb 

temperature exceeds the comfort range will have 

curtains to be drawn, resulting loss of the almost all 

of the opening area for NV. However, if shaded, 

these doors/ windows can be expected to remain 

open without the curtains being drawn allowing NV. 

Comfort range is based on ASHRAE Standard 55-

2010 Adaptive Model.  

Water table runs  

A video of each WTA run was recorded using a smart 

phone camera mounted above the water table.  The 

videos and still images captured were used for analysis. 

Ventilation analysis was done for the existing prototype 

design for 8 WIA’s, namely 0⁰, 45⁰, 90⁰, 135⁰, 180⁰, 
225⁰, 270⁰ and 315⁰ with the above base case 

conditions. Based on the quantitative analysis in terms of 

areas under good and poor access to ventilation, 4 worst 

performing WIAs were selected for further study to 

develop design modifications. Shading analysis for all 

openings have 2 best orientations that allowed the design 

to provide NV for all hours of the year. The combination 

of the 2 orientations with the 4 WIA’s gave a total of 8 

cases to solve. Using qualitative analysis of the flow 

patterns, problem areas in the design and the 
architectural elements causing it were identified. A 

sequence of design modifications for each case were 

proposed and tested in the WTA. The goal was to 

maximize the area with good access to wind-induced 

NV.   

Qualitative analysis  

The design elements that caused undesirable deviation in 

the airflow were noted by studying the flow path of the 

dyed water through the designed enclosure in the WTA. 

This was done by extracting images at every interval of 

5 seconds from the documented video.  

Quantitative analysis  

Quantification of ventilation performance was done 

based on the areas under good and poor access to 

ventilation as described by Royan (2018). A common 

time frame was chosen for all the experiments when the 

flow was in a steady state and the patterns were clearly 

observable. The images of this timeframe were 

processed to divide the entire range of pixels into 6 

bands where the 3 darker bands represented the areas 

under good access to ventilation and 3 lighter bands 

represented the areas under poor access to ventilation.  

Shading analysis  

Using the TMY weather file, Dry Bulb Temperatures 

(DBT) for the period between sunrise and sunset for 

Pune were compared with the comfort range from 

adaptive model in ASHRAE Standard 55-2010. Hours 

when the DBT exceeds the comfort range were 

identified as those that need to be shaded. Vertical 

Shading Angles (VSA) of the existing shading devices 

were calculated. Using the solar profile angles for each 

orientation, shading effectiveness of existing shading 

device was analysed and the hours for which the existing 

design does not provide shade were noted. To account 

for the complete 3-dimensional shading effect of the 
existing design, including adjacent and opposing walls, 

shading masks of the existing conditions were drawn and 

overlaid on the sun path diagram for Pune and the hours 

for which the existing design does not provide shade 

were noted. Horizontal shading devices (HSA) were 

given a priority in proposing shading solutions, since as 

per Lee, Alshayeb, and Chang (2015), horizontal devices 

are more effective in cooling energy saving while having 

a minimal impact on cross ventilation air flow. 

Results and Analysis 

Analysis of existing design 

On comparing leeward units for all WIA’s, units 2 and 3 
gave least (less than 50%) good access to ventilation (see 

Table 6 for results). Further, unit 2 gives worst 

performance (2% for 90⁰ WIA and 0% for 135⁰ WIA) 

for good access to ventilation. This is because a major 

portion of the air reaching unit 2 escapes out through the 

adjoining open areas. Contrary to this, the openings of 

unit 4 that face open areas, which enables it to get good 

access to ventilation for all WIA’s. WIA’s with less than 

75% of their total area with good access to ventilation, 

i.e. 45⁰, 90⁰, 135⁰ and 315⁰ were selected for further 
study. Figure 3 shows images of common steady state 

frames for selected WIA’s. 
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Figure 3: Common Steady Images of selected WIA’s 

Shading Analysis 

The section below shows the detailed shadow analysis 

for one condition, i.e. the door and window of the 

exterior wall of kitchen of unit 1 facing the East 

direction. The weather data analysis in Table 7 shows 

the months and time of day with outdoor DBT, and the 

hours when the DBT exceeds the comfort range 
according to the adaptive comfort model in ASHRAE 

Standard 55-2010 are highlighted in red. For the months 

of April and May, DBT exceeds the comfort range from 

10:00 onwards. For July, August, September and 

December, the DBT exceeds the comfort band 12.00 to 

16:00. April has longest duration where DBT exceeds 

comfort range. 

Table 1: Solar profile angles for East facing condition 

shown in degrees 

Month 08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Jan 22.70 54.90 90.00 0.00 0.00 0.00 0.00 

Feb 25.70 56.80 90.00 0.00 0.00 0.00 0.00 

Mar 28.80 58.70 90.00 0.00 0.00 0.00 0.00 

Apr 31.90 60.60 90.00 0.00 0.00 0.00 0.00 

May 34.20 61.90 90.00 0.00 0.00 0.00 0.00 

Jun 35.10 62.40 90.00 0.00 0.00 0.00 0.00 

Jul 34.20 61.90 90.00 0.00 0.00 0.00 0.00 

Aug 31.90 60.60 90.00 0.00 0.00 0.00 0.00 

Sep 28.80 58.70 90.00 0.00 0.00 0.00 0.00 

Oct 25.70 56.80 90.00 0.00 0.00 0.00 0.00 

Nov 22.70 54.90 90.00 0.00 0.00 0.00 0.00 

Dec 21.50 54.10 90.00 0.00 0.00 0.00 0.00 

As seen in Figure 4, the VSA for the exterior overhang 

above K1 window and door is 73.64⁰. Table 1 shows the 

profile angles for the sun for an East facing wall.  Of the 

hours identified in Table 7 when the DBT is higher than 

the comfort band, those that are shaded in the current 

design are highlighted in yellow in Table 1.  Thus, 10:00 

in the month of April and May are the only hours that 
are not shaded by the exterior overhang above.  

 

Figure 4: Shading Devices in the Current Design 

 

Figure 5: Shading mask for the shading device in the 

current design, overlaid on the sun path diagram for 

Pune 

Figure 5 identifies the relevant shading angles to get the 
VSA and HSA in the current design.  These are used to 

develop the shading mask shown in Figure 5, where the 

hatched area is the portion of the sky that is shaded.  It 

also shows the sun path diagram overlaid on the mask. 

The overlay shows that the existing shading device fails 

to shade the interiors at 10:00 of April and May. 
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Figure 6: Proposed Shading Device 

Table 2: Shading Analysis for Proposed Shading Device 

Month 08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Jan               

Feb 
 

            

Mar               

Apr               

May               

Jun               

Jul               

Aug               

Sep               

Oct               

Nov               

Dec               

Figure 6 shows proposed shading device that includes 
installation of a Howe truss along with the tensile fabric 

running diagonally across the width of the duct, which 

measures 8.15 m x 6.90 m, installed at the terrace 

parapet level.  The red outline in the key plan highlights 

the location of the truss in the floor plan. Table 2 

documents the hours when the proposed shading device 

provides shade (highlighted in yellow). 

Similar process was carried out for all other conditions 

and for all windows and glazed doors. Shading analysis 

showed that only orientation with bedrooms facing north 

and south could be shaded adequately to allow NV. 

Table 5 shows 3D models of all the shading devices 

proposed along with their indicative illustration. Table 6 

shows the application of the proposed solutions for their 

respective orientations. Except for the bedroom 

fenestration facing north and south, all other 

fenestrations have been provided with only horizontal 

shading devices. 

Table 3: Shading Solutions Proposed for Fenestration in 

Existing Design 

K 

3D 
model 

    

Symbol     

BR 

3D 
model 

   

 

Symbol     

TR 

3D 
model 

  

  

Symbol     

Alt. 

TR 

3D 
model 

 

   

Symbol     

Table 4: Application of Proposed Shading Solutions 

Proposed 

  East West North South 

Kitchen 

Unit 1   NA  

Unit 2   NA  

Unit 3   NA  

Unit 4   NA  

Bedroom All units     

Terrace All units   NA  

Alternate 

Terrace 
All units NA  NA NA 

Modifications Proposed 

 

Figure 7: Good access to ventilation for experiments 

with/without shading device 

Figure 7 shows the results for selected WIA’s with and 
without shading devices. Though the primary intention 

of the shading device was to provide shade causing 

minimum interference to its ventilation performance, 

analysis shows that shading devices have improved 
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ventilation performance by 15% for 45⁰ WIA, 12% for 

90⁰ WIA, 1% for 135⁰ WIA and 9% for 315⁰ WIA. 

Though the study was carried out to solve 4 WIA’s, this 

paper only documents results for 2 WIA’s. 

Table 5: Modifications for 90⁰ and 135⁰ WIA 

Experiment Modification Anticipated Results 

1 NA (existing design) NA (existing design) 

2 
Introduction of proposed 

shading devices 

Shading devices parallel 
to the wind direction to 
cause no impact on the 

ventilation performance 

3 

Introduction of ventilator 
openings on walls at side 

1 of L1 and L2 and on 
walls at side 3 of L3 and 

L4 and stacking the 
shutters of the opening in 
L1 to side 2 along with 

the proposed shading 
devices 

Direct passage of flow 
from living rooms of 

windward units to 
living rooms of leeward 

units through 
introduced ventilator 

openings. 

4 

Introduction of a double 

shutter self-closing door 
in the common passage 

area along with the 
modifications in E3_3 

Create more positive 
pressure by the 

ventilator openings in 
the leeward units than 
any other openings in 

the common lobby area 

5 

Increase in width of the 
ventilator opening by 

0.3m in the living rooms 
of leeward units only 

Reduce eddy formation 
in the flow at the 

entrance of the leeward 
units and provide better 

flow through them. 

6 

Introduction of window 

openings in BR1 and BR2 
on side 2 along with their 
respective wing walls and 
proposed shading devices 

and with the 
modifications in E3_3 

Improved access to 
ventilation to respective 
bedrooms through the 
introduced window 

openings. 

 

Figure 8: Proposed Common Design Modifications 

Table 5 shows the series of experiments conducted to 

solve 90⁰ and 135⁰ WIA with the modifications tested 

for their performance and anticipated results. These 

modifications came from the qualitative analysis of the 

base case experiments. Figure 8 illustrates these 

modifications in the plan. Habitable areas like living 

room, dining room, terrace, alternate terrace, bedroom, 

kitchen, entrance lobby, passage, utility, toilet and 

bathroom  in the units are denoted as L, D, TR, Alt. TR, 

BR, K, LO, P, U, T and B in the Figure 8. 

Qualitative Analysis for 90⁰ WIA (E3) 

1. Experiment 2 (E3_2) (with shading device)  
Since the incident wind is perpendicular to the openings 
in unit 3 and 4, these units get good access to ventilation 

(Image 2_1 in Figure 13). Large eddy formations 

observed in habitable areas of unit 1 and 2 due to 

number of obstructions in L, D and K (Image 2_2 in 

Figure 13). Toilets and bathrooms of these units block 

windward side for their respective bedrooms causing 

them to get least access to ventilation. Although unit 2 

gets an additional source of ventilation from the 

common passage, the flow in unit 2 is less than unit 1 

because of the open areas around the staircase block 

which draws the flow out (Image2_1 in Figure 13).  

2. Experiment 3 (E3_3) (with L ventilators)  
The ventilator opening in the living room of unit 3 and 4 

causes the flow through it to flow out into the common 

lobby area. (Image 3_1 in Figure 13). The anticipated 

flow from the L3 and L4 ventilator openings towards the 

L1 and L2 ventilator openings, initially escapes through 

the common passage area while, later, with the increase 
in the flow, enters unit 1 and 2 and increases its access to 

ventilation. (Compare Image 2_2 and 3_2 in Figure 13) 

3. Experiment 4 (E3_4) (with passage door) 
The blockage in the common passage increases the flow 

from ventilator openings of L3, L4 to L1 and L2 

developing pressure at its ventilator openings.  This 

causes the flow through L1 and L2 to immediately 
escape out through its openings on the opposite wall 

(Image 4_1 in Figure 13). The blockage also reduces the 

flow to K2 from the openings in K4 (Compare Image 

3_2 and 4_2 in Figure 13). Thus, introduction of self-

closing double doors in the common passage area 

deteriorates the flow to unit 2. 

4. Experiment 5 (E3_5) (Increased L1 and L2 

ventilators) 
Increasing the size of the ventilators in L1 and L2 causes 

the flow from the ventilator openings of L3 and L4 to 

flow towards that of L1 and L2 due to the increased 

positive pressure. The flow pattern then after is similar 

to that observed in E3_4 with slight increase in the flow 

from K4 to K2 (Image 5_2 in Figure 13). However, this 

modification does not show any notable improvement. 

5. Experiment 6 (E3_6) (with BR1 and BR2 windows) 
The flow in all the units is identical to E3_3 except for 

the flow in BR1 and BR2. Addition of a window 

opening with a wing wall has caused the flow parallel to 

walls on side 2 of BR1 and BR2 to flow through them, 

increasing its access to ventilation (Compare Image 3_2 

and 6_2 in Figure 13). Thus, access to ventilation in 

E3_6 is improved compared to E3_3. 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
684

 

 
  



 

 

Qualitative Analysis for 135⁰ WIA (E4) 

1.  Experiment 2 (E4_2) (with shading device)  

For 135⁰ WIA, unit 3 and 4 being on the windward side 

get good access to ventilation. Kitchen openings of the 

units 3 and 4 become the only source of ventilation for 
units 1 and 2 respectively. Compared to other areas of 

unit 1, bedroom gets least access to ventilation (Image 

2_2 in Figure 14). However, owing to the open areas 

around the staircase block, the incoming flow from unit 

4 to unit 2 escapes out resulting it in getting least or no 

access to ventilation (Image 2_1 in Figure 14).  Thus, 

comparatively, entire unit 2 and BR1 have been 

observed to get least access to ventilation.  

2. Experiment 3 (E4_3) (with L ventilators)  
With the introduction of L ventilators in all units, the 

major portion of the flow from L3 and L4 ventilator 

openings enters unit 2 through L2 ventilator openings. 

(Image 3_1 in Figure 14) However, this flow 

immediately leaves through its openings on its opposite 

side and partially recirculating within the habitable areas 

of unit 2. The flow in unit 1 is similar to that in E4_2 

with a slight increase in access to ventilation (Compare 

Image 2_2 and 3_2 in Figure 14). Thus, E4_3 gives 
improved access to ventilation to both unit 1 and 2.  

3. Experiment 4 (E4_4) (with passage door) 
Due to the introduction of a self-closing door in common 

passage between unit 2 and 4, the flow from the 

ventilator openings in L3 and L4 directly passes through 

the common lobby area into that of L1 and L2. (Image 

4_1 in Figure 14). Due to the small inlet openings in L1 
and L2, large eddies are observed in common lobby area 

at its entrance (Image 4_2 in Figure 14). The flow 

pattern in unit 1 and 2, then after is identical to that in 

E4_3. Thus, compared to E4_3, E4_4 does not show any 

notable improvement in access to ventilation.  

4. Experiment 5 (E4_5) (Increased L1 and L2 

ventilators) 
The flow in E4_5 is identical to that in E4_3 except that 

the increase in ventilator size in living room of unit 2 has 

slightly increased the amount of flow drawn through it 

which recirculates within its habitable areas. Increasing 

L ventilator size has caused no notable difference in the 

flow through unit 1 (Compare Image 4_1 and 5_1 in 

Figure 14).  

5. Experiment 6 (E4_6) (with BR1 and BR2 windows) 
The flow in all the units is identical to E4_5 except for 

the flow in BR1 and BR2. Addition of a window 

opening with a wing wall has caused the flow parallel to 

walls on side 2 of BR1 and BR2 to flow through them 

increasing its access to ventilation. In unit 2, living room 

and bedroom now get first access to ventilation followed 

by the kitchen (Image 6_1 in Figure 14). Thus, 

comparatively, E4_6 gives best access to ventilation to 

both unit 1 and 2. 

Quantitative Analysis for 90⁰ WIA (E3) 

Figure 9 shows improvement in good access to 

ventilation to unit 1 from 25% to 85% good access and 

unit 2 from 5% to 95% for E3_6 for 90⁰ WIA. 

 

Figure 9: Good access to ventilation to unit 1 and 2 for 

all experiments 

Quantitative Analysis for 135⁰ WIA (E4) 

 

Figure 10: Good access to ventilation to unit 1 and 2 for 

all experiments 

Figure 10 shows improvement in good access to 

ventilation to unit 1 from 70% to 100% and unit 2 from 

0% to 100% for E4_6 for 135⁰ WIA. 

Summary of Results 

 

Figure 11: Results of the Performance Improvement 

All the WIA’s showed units in the leeward direction get 

least access to ventilation. Bedrooms of all leeward units 

had access to ventilation (less than 15% of area). With 

the modifications in the existing design like, provision of 

opening with the shading device and wing wall, 

reposition of openings, etc. Significant improvement in 

each leeward unit of 90⁰ and 135⁰ has been achieved 
with the following modifications - 
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1. Proposed shading devices for all the fenestrations 

2. Introduction of ventilator openings on walls at side 1 

of L1 and L2 and on walls at side 3 of L3 and L4 and 

stacking of shutters of the opening in L1 to side 2 

3. Introduction of window openings in BR1 and BR2 on 

side 2 along with their respective wing walls and 

proposed shading devices. 

Figure 11, shows the improvement in the access to 

ventilation for all the units of each WIA in percentage of 

total unit area. The graph shows, with the modifications 

proposed, an improvement (100% access) was achieved 

for all units for 135⁰ WIA and (80% and above) for the 

leeward units for 90⁰ WIA without affecting the 

performance of the windward units. See Figure 12 for 

the proposed design for 90⁰ WIA and 135⁰ WIA. 

 

Figure 12: Design solution proposed for 90⁰ and 135⁰ 
WIA 

Discussion 

As found in the survey, architects rely on intuitive 

judgment to anticipate the NV performance of their 

design. This study used WTA to analyse the 

performance of the existing design by an architect and 

derive design decisions to improve the performance of 

the design for NV. It has enabled the study of ventilation 

performance of a complex cluster along with their 

internal partitions in a two-dimensional space. Observing 

the flow of dyed water during the experiment itself 
guides the observer to closely study the pros and cons of 

the design for air circulation. As found in E3_5 and 

E4_5, the experiment runs did not confirm the 

anticipated flow, and proved the need to simulating 

designs for NV.  The WTA provided a way of evaluating 

ventilation performance of the design and drive design 

decisions. The flow of water in the apparatus is governed 

by the functioning of the motor, electric supply, etc. 

Small variations in the initial stages of experiment due to 

the motor and its vibrations, etc. could affect the results 

over the course of the experiment. One has to be 

watchful to note sudden changes during experimentation. 

For the given reasons, repeatability of the simulation 

results needs to be tested in future research. 

Conclusions 

A survey of current practices of architects designing for 
NV showed the following findings  

1. Though all the respondents reported that they design 

for cross ventilation for bedroom and single sided or 

cross ventilation to living/dining room, 100% make 

provisions for installation for air conditioning in 

bedrooms and 40% also do so for living/dining rooms.  

2. Contrary to literature, 20% of the respondents 

reported that shading is irrelevant for natural ventilation.  

3. 67% of the respondents reported using intuitive 

judgement/ experience as their approach to design NV.  

4. Only 20% used simulations or quantitative estimates 

to predict their design performance for any energy 
conservation measures.  

In this study, the water table apparatus was used to 

develop design solutions to increase NV access for a 

prototype design of 1BHK residential apartments in 

Pune, located in the moderate climate zone of India. 
Ventilation performance for the existing prototype for all 

the WIA’s tested showed that of the cluster of 4 units, 

the windward units showed good access to ventilation 

for all rooms, and the leeward units had lower access to 

ventilation with the bedrooms in the leeward units 

having the least access. Modifications for shading and 

ventilation performance were proposed and tested. 

Ventilation performance was improved for all identified 

cases. Access to ventilation in leeward units has been 

improved to more than 80% for all WIAs and some units 

shows 90% access. This was done without affecting the 

good ventilation performance of the windward units in 
the existing prototype. 
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Table 6: Good Access to Ventilation 

  Good access to ventilation 

  Unit 
E1 E2 E3 E4 E5 E6 E7 E8 

0⁰ 45⁰ 90⁰ 135⁰ 180⁰ 225⁰ 270⁰ 315⁰ 
Area in sq. m 

1 
26.1 17.5 12.3 35.7 43.1 48.8 48.8 47.2 

% area 53 36 25 73 88 100 100 97 

Area in sq. m 
2 

41.6 7.2 1.0 0.0 47.9 47.7 48.8 48.8 

% area 85 15 2 0 98 98 100 100 

Area in sq. m 
3 

46.2 48.3 48.7 47.9 44.2 24.0 20.8 2.0 

% area 95 99 100 98 91 49 43 4 

Area in sq. m 
4 

45.9 48.8 48.8 48.6 47.0 35.6 37.3 46.2 

% area 94 100 100 100 96 73 76 95 

Total area in sq. m   159.8 121.7 110.8 132.3 182.1 156.1 155.6 144.1 

Total % area   82 62 57 68 93 80 80 74 

Table 7: DBT values in C for Pune weather. Comfort Range based on ASHRAE Standard 55-2010 adaptive model 

Month Comfort Range 08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Jan 21.50 - 26.80 14.01 21.07 26.62 27.99 27.75 25.71 21.41 

Feb 22.00 - 27.3 16.51 23.67 29.17 30.62 29.98 27.23 22.92 

Mar 22.50 - 28.90 21.06 28.6 34.09 35.67 35.03 32.48 27.98 

Apr 24.00 - 29.30 25.72 31.52 35.52 36.91 35.94 33.11 29.46 

May 24.00 - 29.30 27.55 31.75 34.55 35.66 35.06 32.37 28.89 

Jun 23.20 - 28.90 25.72 27.72 29.2 29.58 28.65 26.82 25.17 

Jul 22.90 - 28.20 24.19 25.57 26.46 26.58 25.9 24.7 23.72 

Aug 22.90 - 27.90 23.27 24.89 25.9 25.89 25.24 24.16 23.11 

Sep 23.00 - 28.20 23.93 26.44 27.98 27.96 26.61 24.75 23.26 

Oct 22.20 - 28.00 22.85 26.13 28.84 29.47 27.98 25.5 23.31 

Nov 21.80 - 27.30 19.82 24.56 27.78 28.74 27.95 24.63 20.48 

Dec 21.20 - 26.80 15.76 21.9 26.3 27.41 26.72 23.53 19.03 

 

Figure 13: Documentation of images for 90-degree WIA experiments 

 

Figure 14: Documentation of images for 135-degree WIA experiments 
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Abstract 

Most of the Indian household and schools are naturally 

ventilated and dependent on the outdoor air and ceiling 

fan for achieving thermal comfort. In the composite and 

hot climate, where temperature reaches to 42 to 45ºC, 

the induced air through windows does not achieve 

thermal comfort. The velocity of induced air can be 

enhanced through introduction of venturi tubes. In this 

study CFD analysis is performed for different geometric 

parameters of venturi to identify the relation between 

diameter ratio and enhanced average indoor air velocity. 

This is concluded that by introducing venturi of diameter 

ratio (R0 = D1(Outer dia)/D2(Inner dia)) of 4, the required 

indoor air velocity to meet the thermal comfort in 

composite climate of India in peak summer month is 

met. Upto 216% increment (from 0.3 m/s to 0.99 m/s) in 

indoor air velocity is noticed by introducing venturi 

tubes as compared to normal windows without them. 

Introduction 

Natural ventilation through operable windows is a 

common practice all over the world especially in tropic 

climes of India. However, this is highly dependent on 

outdoor air velocity. Thermal comfort has traditionally 

been achieved by reducing the heat gain in a building 

and increasing the indoor air velocity. The induction of 

the air in the naturally ventilated space can be 

significantly increased through venturi tubes deployed 

on the windward side of an exterior wall of any occupied 

space. Due to its shape, the venturi tube creates low 

pressure at outlet point and increases the air velocity. 

Several studies have been conducted to optimize the 

natural ventilation in a building through improved 

building façade. Various wind driven techniques (e.g. 

natural ventilation, atria & courtyards, chimney/ exhaust, 

wind towers, wind catchers etc.) are categorized and 

discussed in details by Khan et al. (2008). 

Wang et al. (2011) through experimental setup studied 

the relation between turbulence intensity of wind and 

dissatisfaction of occupants and found that together with 

15% turbulence and 0.6 m/s of air velocity, more than 

30% subjects were dissatisfied. However, the referenced 

study (Wang et al. 2011) was conducted at a constant 

room temperature of 24.5 ºC. Not much literature is 

available to setup direct relationship between air velocity 

and discomfort due to increase in draft for a natural 

ventilated space in composite climate. Centre for 

Advanced Research in Building Science and Energy 

(CARBSE) at CEPT University derives the 90% 

acceptability of air temperature range for each month 

through its India Model for Adaptive thermal Comfort 

(IMAC) (2014). For Delhi, in peak summer (June) the 

upper limit of 90% acceptability of air temperature is 

32.97ºC. Dhaka et al. (2015) determined that occupants 

are more adaptive in warm climate conditions and feel 

thermally comfortable at higher temperature with higher 

air velocity. Study carried out by Kumar et al. (2016) in 

the area of natural ventilation in composite climates of 

India concludes that a higher velocity of air will 

positively enhance the thermal comfort via adaptive 

model acceptability criteria. It concludes that, space 

having indoor air temperature up to 34.5°C, Clothing 0-

1.2, activity 1-1.2 & RH 20%-80% in composite climate, 

the indoor air velocity required for achieving thermal 

comfort is 1m/s. 

Yeong et al. (2017) in his experimental study on venturi-

type natural ventilator concludes that ventilation rate 

linearly increases with the wind velocity. The study also 

derives equation for calculating the ventilation rate by 

varying the area of vent over area of inlet. 

The Bureau of Indian Standard’s National Building Code 

of India (2016), elaborates that for natural ventilation, 

windows can be oriented up to 30º perpendicular to the 

prevailing outdoor wind without compromising on 

amount of wind induction. The sill level of window 

should be 85% of the critical height. Maximum airflow 

per unit area of openings can be obtained by using inlet 

and outlet openings of nearly equal areas at the same 

level. The maximum average indoor wind velocity i.e. 

30% to 40% of outdoor wind velocity can be achieved 

through an overall operable area (inlet and outlet) of 

20% to 30% of floor area. In short, the window inlet and 

outlet areas should be no less than 20% of the floor area 

of the room served, distributed equally on the windward 

and leeward sides. 

In this study, enhancement of thermal comfort of the 

naturally ventilated space by increasing the indoor air 

velocity of room through natural means with 

introduction of venturi tubes at outer envelope of an 

occupied space is carried out. CFD analysis is performed 

to evaluate the relationship between increase in air 

velocity at different location of a space and geometry of 

venturi tubes. The study also determines whether the 

thermal comfort can be achieved by increasing the 
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indoor air velocity through natural means with respect to 

the prevalent adaptive comfort criteria for the climate. 

This may eliminate the need for mechanical ventilation 

or reduce the dependency on it. At the least it will reduce 

the number of ceiling fans in a space to attain the desired 

air velocity for approaching thermally comfortable 

environment. Further, a design solution is discussed for 

possible practical application of venturi tubes. 

This study is especially useful for enhancing the thermal 

comfort through natural ventilation in schools and even 

residential buildings located in composite climates. 

Methodology 

This study is carried out to determine the impact of 

increased air velocity on thermal comfort through 

introduction of venturi tubes in composite climate of 

India. 

Approach 

The Bernoulli equation gives the velocity of air at outlet 

diameter of venturi if inlet velocity and different losses 

are known. To further analyse the air velocity at 

different locations in a room, CFD analysis was 

determined to be performed early in the course of 

undertaking this study. CFD analysis is carried out using 

constant outdoor air velocity of 0.5 m/s and different 

outer to inner diameter ratio of venturi, i.e.  

R0. The impact of the different mean air velocities in the 

room, derived through CFD analysis is then analysed for 

thermal comfort. At the end of the study, a possible 

design solution for practical application is discussed. 

Indoor Comfort Parameters 

The mean outdoor air temperature (mid-day) of 

composite climate of India in summers defined in 

Bureau of Energy Efficiency’s Energy Conservation 

Building Code user guide (2009) of India varies from 

32ºC to 43ºC. Thermal comfort can be achieved until 

indoor air temperature of 32ºC and 34.5ºC at an air 

velocity of 0.2m/s and 1m/s respectively. For this study 

graph is created (Refer Figure 1) for regression model 

for indoor air temperature vs indoor air velocity as per 

the comfort bandwidth derived from the study of Kumar 

et al. (2016). The following derived regression equation 

is then used for correlating the impact of enhanced 

indoor air velocity which is a result of greater diameter 

ratio (Refer table 1).  

 

Figure 1: Adaptive thermal comfort temperature vs 

indoor air velocity-case adapted from Kumar et al(2016) 

The outdoor air velocity in this study is considered 

constant at 0.5m/s. 

Geometric Parameters 

In this study, the size of the room considered is 7m x 7m 

with 4m height (a typical classroom size for 25 students 

in India). For proper cross ventilation, 10% open area of 

the carpet area is considered on each windward and 

leeward exterior wall.   

 

Figure 2: Geometric parameter for base case 

 

Figure 3: Geometric parameter for case 7 

Table 1: Different geometric parameters for study 

Case 

Outer 

diameter of 

venturi, D1 

(mm) 

Inner 

diameter of 

venturi, D2 

(mm) 

Outer to inner 

diameter ratio of 

venturi, 

R0 = (D1/D2) 

Case 1 228.6 228.6 1 

Case 2 228.6 152.4 1.5 

Case 3 228.6 114.3 2 

Case 4 228.6 91.4 2.5 

Case 5 228.6 76.2 3 

Case 6 228.6 65.3 3.5 

Case 7 228.6 57.2 4 

 

The analyses are carried out for 8 different cases of 

opening provided in the windward direction. The base 

case has a simple open window/ vent on windward side 

and open vent on the leeward side of the exterior walls. 

For next seven cases the location and size of the vent in 

leeward side is kept same but on the windward side, 

venturi tubes of different outlet diameters are introduced. 

The sill height of lower venturi is 0.46m. A suitable sill 

height is selected to maximize the reach of the enhanced 

airflow at work plane. Since the total open area on the 

windward side has to be kept equal for all the cases to 

make a true comparison, the number of venturi tubes is 

selected to match the total inlet area to the operable 

window area of base case. Thus, the total number of 

y0 = -1.4598x2 + 4.8434x + 31.042 

R² = 0.9968 
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venturi tubes calculated is 120 i.e. 20 venturi tubes in 6 

rows.  The area of one venturi inlet is 0.041 m
2
. Total 

area of venturi inlet is 0.041 x 120 i.e. 4.92 m
2
. The area 

of open vent on leeward side is 5m x 1m i.e. 5m
2
, which 

is nearly equal to total venturi inlet area. Table 1 shows 

the different geometric parameters considered for this 

analysis. Figure 2 & 3 shows dimensions of geometric 

parameter for base case and case 7 respectively. 

CFD Modelling 

Three-dimensional CFD simulation of indoor airflow of 

a room having venturi tubes for natural ventilation is 

conducted using Fluent® software (Fluent® 14.5). The 

three dimensional model of room is modelled in 

Autodesk Inventor 2016. The Autodesk Inventor® STEP 

file is imported in Fluent® 14.5. Through meshing, the 

whole domain is further divided into small cells with 

finite volume. The Reynolds average Navier-Stokes 

equation is solved for each cell within the tool. The 

RNG k- ε turbulence model is used for simulation. The 

RNG k- ε model is similar to the standard k- ε model but 

more accurate and reliable for a wider class of flows. 

The RNG k- ε turbulence model is derived from the 

instantaneous Navier-Stokes equations using rigorous 

statistical technique or renormalization group theory. 

The RNG k- ε semi-empirical model equation has 

constants different from those in the standard k- ε model. 

The simulation is performed in transient mode having 

time step of one second. The velocity is monitored at 

each time step to determine the pattern of indoor airflow. 

Boundary Condition 

The inlet of venturi on windward side is considered as 

inlet and the vent on another side as outlet. The wall of 

room and venturi surface is considered as wall of Fly ash 

material. The inlet of venturi is given a constant velocity 

inlet of 0.5 m/s. The outlet or vent on leeward side is 

given pressure outlet. The area of all venturi inlet is 

equal to the area of vent in all cases. the time step is 

considered as 1 second and simulation is performed for 

300 seconds (5 minutes). The 10 iteration is solved for 

each time step.  

Analysis Points 

The point monitor option is available in Fluent 14.5 tool, 

which helps in monitor the transient study. The point 

monitor provides an opportunity to record parameters 

such as velocity, pressure and temperature at each 

analysis point for every time step or iteration. In this 

study, the point monitor is used to monitor air velocity at 

each analysis point for 300 time step (1 second is 1 time 

step). The analysis points are selected in an order as 

shown in Figure 4. Three planes are selected at different 

height from bottom as 0.57m, 1.04m and 1.74 m.  

On each plane, velocity is monitored at 9 points for each 

time step. The points are selected at a regular and 

definite distance from each other. The x and y 

coordinates of these nine analyses points are same on 

each plane. The air velocity is also monitored at five 

venturi outlet points to determine its change due to outlet 

diameter of venturi. The coordinates of different analysis 

points are mentioned in Table 2 and Table 3. 

Table 2: Analysis points coordinate (m) at room. 

X Y Z1 Z2 Z3 

1 2 0.57 1.04 1.74 

3 2 0.57 1.04 1.74 

5 2 0.57 1.04 1.74 

2 4 0.57 1.04 1.74 

4 4 0.57 1.04 1.74 

6 4 0.57 1.04 1.74 

1 6 0.57 1.04 1.74 

3 6 0.57 1.04 1.74 

5 6 0.57 1.04 1.74 

 

Table 3: Analysis points coordinate (m) at venturi outlet. 

X Y Z 

1.39 0 0.57 

5.84 0 0.57 

1.39 0 1.74 

5.84 0 1.74 

3.5 0 1.04 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Air Velocity analysis points 

Results 

The indoor air velocity is analysed at venturi outlet and 

different locations in 3 horizontal planes in the room. 

In this figure, 3 D 

view of the room is 

shown. Here 

analysis points in 

all three plans (i.e. 

z1 = 572 mm, z2 = 

1040 mm and z3 = 

1740 mm) are 

marked with 

different colours. 

Top view of the room with coordinates of analysis points are shown in above figure. 

The analysis is carried out in 3 planes. In this view only x and y coordinates are shown. 

In the windward direction, venturi tubes are shown and in the Leeward direction vent is 

shown. One of the CFD simulations result is shown with this figure for more clarity. 
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The velocity at venturi outlet is compared with the 

theoretical value which is derived through continuity 

equation i.e. A1V1 = A2V2. The losses in the air velocity 

are considered negligible. The variation in the theoretical 

and simulated air velocity at venturi outlet is mentioned 

in Table 4 for 7 different cases (Refer Table 1) and the 

same is graphically shown in Figure 5. 

Table 4: variation in the theoretical and modelled Air 

velocity at venturi outlet (m/s) 

 
Theoretical CFD Result Variation 

Case1 0.50 0.50 -1% 

Case2 1.13 1.08 4% 

Case3 2.00 1.89 5% 

Case4 3.13 2.98 5% 

Case5 4.50 4.30 4% 

Case6 6.13 5.74 6% 

Case7 7.99 7.66 4% 

 

 

Figure 5: variation in theoretical & simulated air 

velocity  

Indoor air velocity at venturi outlet  

CFD Result is analysed at 5 points at venturi outlet (at 

four corners and centre). Then the average of all the 5 

points is calculated for all cases. Table 5 shows the 

average air velocity values and this is shown graphically 

in Figure 6. Since the analysis is carried out upto R0 = 4. 

For further values, trend line is plotted and from which 

the following equation is derived. 

 Y1 = 0.117x
2
 + 0.013 x (1) 

 

Figure 6: Average air velocity at venturi outlet (m/s) 

Table 5: Average air velocity at venturi outlet (m/s) 

Base 

case 

Case 

1 

Case 

2 

Case 

3 

Case 

4 

Case 

5 

Case 

6 

Case 

7 

0.30 0.50 1.08 1.89 2.98 4.30 5.74 7.66 

Indoor air velocity at different locations in the room  

The CFD analysis is performed at 27 points of 3 

different planes (Refer Table 2) for all cases (Refer 

Table 1). The average value of each plane is calculated 

for all cases, which is shown in Table 6. It is noticed that 

at plane 1 (which is very near to work plane height) is 

getting the average indoor air velocity close to 1 m/s. 

This shows an enhancement of 219% from base case. 

Similarly, the enhancement on plane 2 and plane 3 is 

76% and 159% from base case respectively. The trend 

line is plotted for values of all 3 planes from which the 

following equations are derived (Refer Figure 7): 

 Plane 1: y2 = 0.005x
2
 + 0.0683x + 0.1585 (2) 

 Plane 2: y3 = 0.0025x
2
 + 0.0321x + 0.3263 (3) 

 Plane 3: y4 = 0.0026x
2
 + 0.0138x + 0.1659 (4) 

Here, in equation (2), (3) and (4), ‘y’ is the air velocity 

(m/s) and ‘x’ is the case number i.e. 1, 2. 3, 4… (Refer 

Table1) 

To show the maximum, minimum, 1
st
 quartile, 3

rd
 

quartile and median air velocity values on plane 1, 2 and 

3, box plot graph is plotted. These values increase with 

diameter ratio as shown in Figure 8-10. In case of 

window the air velocity is higher as compared to case 1. 

Further the box plot graph is also plotted for average 

values of all 3 planes for each cases. The result for this is 

shown in Figure 11. 

Velocity contours at different planes for all cases are 

taken from the tool Ansys Fluent® 14.5 after simulation. 

The contours are shown for case 1 to case 7 along with 

base case for 3 different planes in Figure 12 to 35.  

 

 

Figure 7: Average air velocity at 3 different planes (m/s) 

Table 6: Average air velocity at different planes (m/s) 

Cases Plane 1 Plane 2 Plane 3 

Base Case 0.31 0.42 0.17 

Case1 0.22 0.30 0.24 

Case2 0.36 0.45 0.22 

Case3 0.54 0.54 0.26 

Case4 0.63 0.54 0.29 

Case5 0.80 0.62 0.34 

Case6 0.89 0.67 0.39 

Case7 0.99 0.74 0.44 
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Figure 8: Distribution of air velocity at planes 1 (m/s) 

 

Figure 9: Distribution of air velocity at planes 2 (m/s) 

 

Figure 10: Distribution of air velocity at planes 3 (m/s) 

 

Figure 11: Overall distribution of air velocity (m/s) 

 

Figure 12 Air velocity contour at plane 1, Base case 

 

Figure 13: Air velocity contour at plane 1, case 1 

 

Figure 14: Air velocity contour at plane 1, case 2 

 

Figure 15: Air velocity contour at plane 1, case 3 

 

Figure 16: Air velocity contour at plane 1, case 4 

 

Figure 17: Air velocity contour at plane 1, case 5 
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Figure 18: Air velocity contour at plane 1, case 6 

 

Figure 19: Air velocity contour at plane 1, case 7 

 

Figure 20: Air velocity contour at plane 2, base case 

 

Figure 21: Air velocity contour at plane 2, case 1 

 

Figure 22: Air velocity contour at plane 2, case 2 

 

Figure 23: Air velocity contour at plane 2, case 3 

 

Figure 24: Air velocity contour at plane 2, case 4 

 

Figure 25: Air velocity contour at plane 2, case 5 

 

Figure 26: Air velocity contour at plane 2, case 6 

 

Figure 27: Air velocity contour at plane 2, case 7 
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Figure 28: Air velocity contour at plane 3, base case 

 

Figure 29: Air velocity contour at plane 3, case 1 

 

Figure 30: Air velocity contour at plane 3, case 2 

 

Figure 31: Air velocity contour at plane 3, case 3 

 

Figure 32: Air velocity contour at plane 3, case 4 

 

Figure 33: Air velocity contour at plane 3, case 5 

 

Figure 34: Air velocity contour at plane 3, case 6 

 

Figure 35: Air velocity contour at plane 3, case 7 

Relation between thermal comfort temperature, 

average air velocity m/s (plane 1) and diameter ratio 

An average air velocity is derived at each plane 

separately but since the plane 1 is the closest to the work 

plane, it is considered for further analysis. The relation 

between air velocity and adaptive thermal comfort 

temperature as explained in the Figure 1 is further 

correlated with R0. These parameters are shown in 

equation (5) and (6) (Refer Figure 36, R0 on sec. axis).  

y5 = 1.4024x
2
 + 2.1399x + 0.4903  (5) 

y6 = -1.4598x
2
 + 4.8434x + 31.042  (6) 

 

Figure 36: Relation between thermal comfort 

temperature, average air velocity m/s (plane 1) & R0 
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Application and Design Solution  

The possible applications of ventilation through venturi 

are at classrooms of school, residential apartments, 

corridors and stairwells. It is a very common and old 

practice in India to use Jali for cross ventilation in 

corridors. This Jali structure can further be modified 

with some simple design solutions to enable them 

behave like a venturi. Some pictures of the Jali is shown 

in Figure 37 and some possible design solutions are 

shown in Figure 38. 

  
Source: S M Sehgal Foundation, Gurugram  Source: IIT Gandhinagar 

Figure 37: Jali used for cross ventilation  

  

 

 
Figure 38: Possible design solution through venturi 

shape. 

Conclusion 

The CFD analysis is carried out to get a relation between 

Thermal comfort temperature, Average indoor air 

velocity m/s (at plane 1) and Diameter Ratio of venturi 

R0. The study is carried out till R0 = 4 and further and 

equation is derived to get the results for next/ other R0 

values. The key conclusions are: 

1. On introduction of venturi tubes as compared to 

normal window, the average indoor air velocity is 

increased up to 7.66 m/s from 0.3 m/s at venturi 

outlet which is very high as compared to base case. 

2. It is noticed that in case 7 (R0=4) at plane 1 which is 

very near to work plane height attains the average 

indoor air velocity close to 1 m/s. This shows an 

enhancement of 219% from base case. Similarly, the 

enhancement on plane 2 and plane 3 is 76% and 

159% from base case respectively.  

3. The indoor airflow pattern from case 2 to case 7 is 

enhanced as compared to Base case. 

4. By introducing venturi of R0, the required indoor air 

velocity to meet the thermal comfort in composite 

climate of India in peak summer month is met. This 

can further eliminate the requirement of using ceiling 

fans for achieving the thermal comfort.  

The venturi can be created in the blocks itself that can be 

used for creating embedded venturi walls. This kind of 

structure is also possible for night ventilation. 
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Abstract 
This paper presents four design charts (DC) to work as a 
simplified, easy-to-use and cost-effective tool to assist 
architects and building designers on sizing openings to 
deliver natural ventilation (NV) for cooling. The DC are 
derived from analytical techniques for four NV design 
systems based either on buoyancy-driven or wind-driven 
flow. The application of the DC is demonstrated to size 
NV openings for a bedroom in an apartment located in 
three Indian cities for two opening size scenarios: 
‘business as usual’ (A); and ‘necessary size’ (B) to deliver 
the desired ventilation rates for cooling. The ventilation 
rates for cooling found with these DC are compared with 
outputs from computational fluid dynamics simulations. 
Findings show that for the earlier design stage the derived 
DC are effective tools. It is also found that the opening 
sizes used in scenario A do not deliver the desired NV 
rates for cooling, whilst the openings for scenario B must 
be sized separately for each city to be effective. 
Introduction  
Energy consumption for cooling buildings in India 
increased fifteen-fold in the past three decades and this 
growth rate is expected to continue to 2050 (OECD/IEA, 
2018). A large number of air-conditioned (AC) systems 
will be installed in new residences, and this rise in energy 
demand could exceed the national energy supply capacity 
(Rawal and Shukla, 2014).  
The increase in the use of natural ventilation (NV) for 
cooling presents an alternative to AC. NV has the 
potential to deliver thermal comfort and reduce energy 
demand whilst avoiding unnecessary AC. However, the 
successful design of NV strategies for cooling involves 
expertise and time. Ideal approaches for this task would 
comprise, for example, physical experiments with 
reduced scale models in wind-tunnel or CFD simulations. 
While these methods are available for academic research 
and industry, they may not be accessible for architecture 
offices on a daily basis. 
This work presents four design charts (DC) derived using 
analytical techniques (CIBSE, 2005; CIBSE, 2010) for 
sizing openings for cooling NV for residences. The DC 
provide a simplified, easy-to-use and cost-effective 
alternative intended to assist architects and building 
designers at the concept design stage of buildings, when 
decisions about NV strategies for cooling are made and 
openings for NV are defined and sized. 

The DC are based on inside-outside air temperature 
difference, internal heat gains, wind speed and wind 
pressure and are applicable for a wide range of weather 
conditions. The DC-1 and DC-2, which are based on 
buoyancy-driven flow, can be used for ΔTinside-outside of up 
to 10ºC, and the DC-3 and DC-4, which are based on 
wind-driven flow, can be used for wind speeds of up to 
5.00m/s and ΔCp of up to 1.00. This ranges of weather 
conditions are adequate for the locations and climatic 
regions covered in this paper. Examples of use of the DC 
are demonstrated for a bedroom of a typical two-bedroom 
apartment layout considered to be located in three 
climate-representative cities in India: Ahmedabad (AHM 
– Hot-dry), New Delhi (DEL – Composite) and Mumbai 
(MUM – Warm-humid). 
Two scenarios of use of the DC are demonstrated: an 
analysis of the capacity of the openings with the 
dimensions designed as business as usual (BAU) to 
deliver NV (scenario A); and the sizing of the openings 
with the necessary dimensions and areas to deliver the 
desired ventilation rates for cooling (scenario B). The 
rates identified with the DC are compared with detailed 
computational fluid dynamics (CFD) simulations for the 
same arrangements of opening sizes and NV systems. 
Method 
The following steps are described in this research work: 
• The weather data are analysed and the feasibility for 

NV is identified for three Indian cities. 
• The desired ventilation rates for cooling a master 

bedroom in a typical two-bedroom residential 
apartment are calculated. 

• Four DC derived using analytical techniques for sizing 
NV are presented. On the DC presented, ventilation 
rates are identified for Scenario A and for Scenario B. 

• These rates are compared with outputs from CFD 
simulations. 

• Results are discussed and conclusions are drawn. 

Weather data and feasibility for NV 
Weather data used in this work comes from the Indian 
Society of Heating Refrigeration and Air-conditioning 
Engineers (ISHRAE) downloaded from the 
Climate.OneBuilding.Org (2014) web page. A previous 
feasibility study to identify the extent of comfort hours in 
apartments suggests that NV does not provide thermal 
comfort all year-round (Manu et al., 2016). The criteria 
used in this work to sort the weather data and identify 
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when NV is feasible was based on: the India Model for 
Adaptive Comfort (IMAC) from Manu et al. (2016), 
relative humidity (RH) thresholds (between 30% and 
70%) and inside-to-outside air temperature difference. 
The inside air temperature used to calculate the inside-to-
outside temperature difference was assumed to be equal 
to the calculated neutral temperature using the IMAC for 
an acceptability band of 80%, and this criterion is covered 
in detail in other paper from the authors (de Faria et al, 
2018). Hours for which the inside-to-outside temperature 
difference results in negative values were rejected, since 
NV for cooling is not feasible to happen. Table 1 presents 
the hours of the year for which the use of NV is feasible. 
The hours were sorted between night-time and day-time 
based on the values for global horizontal radiation (GHR). 
The GHR consists of the total amount of solar radiation 
falling on a horizontal surface, thus indicating day-time. 

Table 1: Hours of the year for which NV is feasible in 
three Indian cities (as percentage and number of hours)  

 AHM DEL MUM 

day night total day night total day night total 

% 9% 21% 30% 12% 13% 25% 7% 9% 16% 

hours 832 1,848 2,680 1,016 1,165 2,181 596 771 1,367 
Desired ventilation rates for cooling 
The desired ventilation rates for cooling a bedroom, the 
master bedroom (MB), in a typical two-bedroom 
residential apartment, the type 02BHK Case-1 (Rawal and 
Shukla, 2014) (Figure 1), was found for the three cities. 

 
Figure 1: MB (dashed red line) and the apartment 
employed in this work (Rawal and Shukla, 2014).  

In order to calculate the desired ventilation rates, it is 
necessary to know the total heat gains for this room. The 
total heat gains were calculated by adding the heat gains 
from occupants, equipment and heat exchange balance 
between inside and outside. The inside-to-outside heat 
exchange (gains and losses) per square metre of the 
envelope was obtained by modelling the MB in Design-

Builder software and then simulating in Energy-Plus 
dynamic thermal modelling software. Heat gains from 
equipment and building envelope properties for BAU 
constructions were used from the Rawal and Shukla 
(2014). Two occupants were assigned in this room, and 
different metabolic rates and use of equipment were 
considered for day and night (CIBSE, 2010) for an 
occupancy schedule. Eventually, the desired ventilation 
rates were calculated using equation 1 (CIBSE, 2011). 

𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑= 𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝜌𝜌 𝐶𝐶𝑝𝑝  𝛥𝛥𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑡𝑡𝑜𝑜𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 

    (1) 

The desired ventilation rates were calculated only for the 
hours of the year for which NV is feasible (Table 1) and 
are shown in Figure 2. For the demonstration of the DC 
the values used were found at the third quartile of the chart 
in Figure 2. These values used correspond to 75% of the 
hours for which NV is feasible and are given in Table 2. 
Table 2: Desired ventilation rates for cooling for the MB 

for 75% of the hours for which NV is feasible. 

Flow rates AHM DEL MUM 

qdes (m3/s) 0.41 0.34 0.54 

ACH 45 37 59 
Based on the values from Table 1 and Table 2 it is possible 
to say that, in Ahmedabad, a ventilation rate of 0.41m3/s 
has the potential to remove via NV the heat gains in a 
typical bedroom size for up to 2,010 hours of the year.  

 
Figure 2: Desired rates for cooling a bedroom in three 

Indian cities, calculated for when NV is feasible. 
Furthermore, several standards report about minimum 
ventilation rates for indoor air quality (IAQ). For 
example, the suggested air supply rates for IAQ in 
bedrooms range from 0.4-1.0 air changes per hour (ACH) 
(CIBSE, 2010) when outdoor air quality satisfies 
minimum standards. The desired NV cooling rates shown 
in Table 2 surpass the IAQ rates by a large amount. 
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Design charts for sizing NV 
Four DC to size openings for NV are presented in this 
work. These DC are derived from analytical techniques 
described in CIBSE AM-10 guide for the design and 
application of NV in non-domestic buildings (CIBSE, 
2005) for four NV design systems. The four NV design 
systems are sketched in Figure 3 and listed here: 
• NV design system 1: buoyancy-driven flow; 

 single-sided ventilation with one opening (Figure 3a)  
• NV design system 2: buoyancy-driven flow;

 cross-ventilation with multiple openings (Figure 3b) 
• NV design system 3: wind-driven flow;   

single-sided ventilation with one opening (Figure 3c) 
• NV design system 4: wind-driven flow; 

 cross-ventilation with multiple openings (Figure 3d) 

 
Figure 3: Cross-section sketches of the driving forces for 

four NV design systems. 
A single opening is used for the arrangements of NV 
design systems in Scenario A: the ‘window 1xA’ (Figure 
4). The ‘window 2xA’ and the ‘balcony door 3xA’ are 
also shown as examples of how to increase the effective 
open area for NV whilst maintaining the same width of 
the opening. For the arrangements with multiple openings 
two purpose provided openings (PPOs) (Jones et al., 
2016) are inserted in the bedroom (one near the ceiling 
and other near the floor). The total area of the PPOs was 
assumed to be the same as the window or balcony door 
area adopted for the arrangement with a single opening. 

 
Figure 4: Schematic view of the openings for ventilation 

used in this work (Faria et al., 2018). 
Finally, the four DC to size openings for NV are presented 
in this work (Figures 5 to 8). Two scenarios of usage 
demonstrated for each DC are also presented in Figures 5 
to 8. In Scenario A (represented by the dashed red line in 
Figures 5 to 8) the maximum ventilation rates which can 
be achieved with BAU opening size are identified. In 
Scenario B (represented by the full red line in Figures 5 
to 8) the necessary opening sizes to deliver the desired 
rates given in Table 2 are identified. Table 3 summarizes 
the input parameters for the demonstrations of both 
scenarios, these values being found during the weather 
analysis and, as an example of the calculation for the 
desired rates, also correspond to 75% of the hours for 
which NV is feasible.  

Table 3: Input parameters employed for the 
demonstration of the DC. 

Input parameters AHM DEL MUM 

ΔTinside-outside (K) 8.9 7.0 5.3 

Wind speed at Vz (m/s) 2.7 1.0 1.4 

ΔCp 0.36 0.36 0.36 
DC-1: Design chart for a NV design system with 
buoyancy-driven flow and single-sided single opening 
This DC is used to predict ventilation rates or opening 
sizes for an NV design system consisting of a single 
opening in a room (e.g. a window) and induced by 
buoyancy force. In this system, due to density difference, 
the inside hot air rises and exits from the upper section of 
the opening, being replaced by cold air supplied by the 
lower section. The DC-1 (Figure 5) is derived from 
Equation 2 (CIBSE, 2005). For single openings the 
discharge coefficient is 0.25 (CIBSE, 2005). 

𝐴𝐴𝑑𝑑𝑒𝑒𝑒𝑒=  𝑞𝑞𝑟𝑟𝑖𝑖𝑟𝑟
𝐶𝐶𝑖𝑖

� (𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+273)
𝑔𝑔 ℎ 𝛥𝛥𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑡𝑡𝑜𝑜𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

   (2) 

DC-2: Design chart for a NV design system with 
buoyancy-driven flow and multiple openings 
The design chart for NV induced by buoyancy with 
multiple openings, DC-2 (Figure 6), is also based on 
Equation 2. The same concept of air density described for 
the DC-1 repeats here. However, as a result of having 
multiple openings, the ones positioned below the neutral 
pressure level supply cool air while warm air exits from 
the ones positioned above this level. The greater is the 
distance between the lower inlet opening and the upper 
outlet opening, then the more efficient this NV system 
will be. Since inflow and outflow occur via different 
openings the discharge coefficient adopted is 0.60 
(CIBSE, 2005; Heiselberg and Sandberg, 2006). 
DC-3: Design chart for a NV design system with 
wind-driven flow and single-sided single opening 
For NV via a single opening on which the flow is mainly 
induced by wind, the driven pressure is a result of the 
wind speed. The wind speed is calculated based on the 
height of the opening and the wind profile adjusted 
according to the terrain roughness. Although wind is 
random and variable, prevailing directions may be 
considered when choosing building shape and opening 
size, type and orientation whenever possible to maximize 
ventilation. Furthermore, a rule of thumb advises that a 
ratio between room depth and ceiling height of 2.5 is the 
limit for efficient single-sided wind-driven NV (CIBSE, 
2010). The size of the opening is found using the DC-3 
(Figure 7), based on Equation 3 and for an opening shape 
coefficient (C) of 0.05 (CIBSE, 2005). 

A𝑑𝑑𝑒𝑒𝑒𝑒  = qreq / C Vz   (3) 
DC-4: Design chart for a NV design system with 
wind-driven flow and multiple openings 
NV systems based on wind-driven cross-ventilation are 
result of pressure differences on two or more openings 
acting separately as inlet or outlet. Wind across a building 
creates positive pressure on the windward side and 
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negative pressure on the leeward side. The pressure 
difference between openings and across the internal space 
results in crossed airflow. A rule of thumb advises the 
ratio between room depth and ceiling height of 5 as the 
limit for efficient cross-ventilation (CIBSE, 2010). Wind 
pressure distribution on the building envelope is not 
homogeneous. Furthermore, it is never steady and the 
pulsating and intermittent characteristic of turbulent flow 
in urban areas should be considered to determine 
ventilation rates. If not considered, then the resulting 
ventilation rates may differ even for windows with the 
same size and positioned side by side in a building façade 
(Awbi, 2003; CIBSE, 2010). The DC-4 (Figure 8), based 
on Equation 4 (CIBSE, 2005), is used to size openings or 
rates for cross-ventilation wind-driven systems. 

A𝑑𝑑𝑒𝑒𝑒𝑒 = qtotal (Cd Vz �ΔC𝑝𝑝
2

 )-1  (4) 

For two or more openings the discharge coefficient ranges 
from 0.60 to 0.90 according to characteristics of the 
window frame and opening (CIBSE, 2005; Heiselberg 
and Sandberg, 2006), and the DC-4 presented here uses 
the former value. Pressure coefficients for orthogonal and 
oblique wind directions for the building shape used in this 
research are from CIBSE Guide A (CIBSE, 2010). For 
orthogonal wind, a pressure coefficient difference 
between inlets and outlets of 0.36 is adopted (Table 3). 

 
Figure 5: Design Chart 1 for NV design systems based 
on single-sided single opening buoyancy-driven force. 

 
Figure 6: Design Chart 2 for NV design systems based 

on multiple openings and buoyancy-driven force. 

 
Figure 7: Design Chart 3 for NV design systems based 
on single-sided single openings and wind-driven force. 

 
Figure 8: Design Chart 4 for NV design systems based 

on multiple openings and wind-driven force. 
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Results from the demonstrations 
Utilizing the four DC presented, the ventilation rates 
which can be achieved with the opening size adopted for 
Scenario A (‘window 1xA’, from Figure 4) and the input 
parameters (Table 3) are shown in Table 4. 

Table 4: Achieved ventilation rates for Scenario A. 

Design 
charts 

NV driven 
force 

Number of 
openings 

AHM 
qach 

(m3/s) 

DEL 
qach 

(m3/s) 

MUM 
qach 

(m3/s) 

DC-1 buoyancy single 0.08 0.07 0.06 

DC-2 buoyancy multiple 0.19 0.17 0.15 

DC-3 wind single 0.07 0.03 0.04 

DC-4 wind multiple 0.38 0.14 0.20 
Comparing these ventilation rates with the desired values 
(see Table 2), it is possible to conclude that the opening 
sizes adopted in scenario A cannot provide the desired 
ventilation rates. Conversely, the necessary sizes of 
openings to deliver the desired ventilation rate (Scenario 
B) can also be identified via the design charts and are 
presented in Table 5. 
Table 5: Necessary window opening areas to achieve the 

desired ventilation rates for cooling (Scenario B). 

Design 
charts 

NV driven 
force 

Number of 
openings 

AHM 
Aeff 

(m2) 

DEL 
Aeff 

(m2) 

MUM 
Aeff 

(m2 

DC-1 buoyancy single 2.79 2.61 4.75 

DC-2 buoyancy multiple 1.15 1.09 2.00 

DC-3 wind single 3.04 6.80 7.71 

DC-4 wind multiple 0.60 1.35 1.52 
The sizes of the openings found for Scenario B are all 
greater than those from Scenario A and vary considerably 
based on the DC utilised. The most effective solutions are 
those which combine openable windows or balcony-doors 
with PPOs for ventilation allowing cross-ventilation (DC-
2 and DC-4). Furthermore, the sizes of the openings vary 
for each city. For example, using the DC-1, it is found that 
an opening of Aeff of 2.79m2 is necessary in Ahmedabad. 
When compared to the opening size used in Scenario A, 
this represents an increase of more than five times. To 
have an opening with such area, either a window with 
2.35x1.20m (W x H) or a balcony door with 1.40x2.05m 
is necessary. None of these two options physically fit in 
the apartment layout analysed and, therefore, cannot be 
built. Conversely, the necessary opening area for multiple 
openings found with the DC-2 (1.15m2) could be obtained 
by changing the opening mechanism from a horizontal 
sliding to a double sided-hung casement type (for 
example, the ‘window 2xA’ in Figure 4), and 
incorporating PPOs. Also, the necessary opening area for 
multiple openings and wind found with the DC-4 
(0.60m2) is very close to the one used in Scenario A. On 
the other hand, the values found for Mumbai with single-
sided single opening NV systems (DC-1 and DC-3) may 
be unfeasible for most apartments, and arrangements with 

multiple openings, such as the one combining a large 
balcony door with extra PPOs for ventilation, is 
necessary. 
Results from the CFD simulations 
The successful use of the DC presented is related to their 
capacity to accurately predict ventilation rates or identify 
opening sizes for NV. To verify this, a total of eighteen 
CFD simulations were performed in this work to provide 
results of airflow for comparison with the values from the 
DC for both the scenarios A and B. Table 6 shows the 
arrangements of NV design systems and opening sizes 
simulated in CFD to compare with Scenario A. 

Table 6: CFD arrangements for comparison with Scenario A 

n. Design 
charts 

City NV driven 
force 

N. of 
openings 

Window 
Aeff 

PPOs 
Aeff 

1 DC-1 AHM buoyancy single 0.55 - 

2 DC-2 AHM buoyancy multiple 0.55 - 

3 DC-3 AHM wind single 0.55 0.55 

4 DC-4 AHM wind multiple 0.55 0.55 

5 DC-1 DEL buoyancy single 0.55 - 

6 DC-2 DEL buoyancy multiple 0.55 - 

7 DC-3 DEL wind single 0.55 0.55 

8 DC-4 DEL wind multiple 0.55 0.55 

9 DC-1 MUM buoyancy single 0.55 - 

10 DC-2 MUM buoyancy multiple 0.55 - 

11 DC-3 MUM wind single 0.55 0.55 

12 DC-4 MUM wind multiple 0.55 0.55 
A second group of CFD simulations was done to test the 
accuracy of the proposed DC to predict the necessary 
sizes of the openings to deliver the desired ventilation 
rates, as intended in Scenario B. Conversely, some of the 
opening sizes in Table 5 are impracticable for the 
apartment investigated. For this reason, only the NV 
design systems and opening arrangements that have a 
feasible size, the ones found with the DC-2 and DC-4, 
were simulated in CFD. Furthermore, the openings were 
modelled with the largest size identified between these 
two design charts. Table 7 shows the arrangements and 
sizes of the openings modelled in CFD to compare with 
those from Scenario B. 

Table 7: CFD arrangements for comparison with Scenario B 

n. Design 
charts 

City NV driven 
force 

N. of 
openings 

Window 
Aeff 

PPOs 
Aeff 

13 DC-2 AHM buoyancy multiple 1.15 1.15 

14 DC-4 AHM wind multiple 1.15 1.15 

15 DC-2 DEL buoyancy multiple 1.35 1.35 

16 DC-4 DEL wind multiple 1.35 1.35 

17 DC-2 MUM buoyancy multiple 2.00 2.00 

18 DC-4 MUM wind multiple 2.00 2.00 
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All the CFD simulations used in this work were modelled 
with an academic version of the ANSYS ICEM R16.0 and 
pre-processed, solved and post-processed with an 
academic version of the general-purpose ANSYS CFX 
R19.1 code. The capacity of CFD simulations to 
reproduce airflow in the internal environment based on 
buoyancy and wind-driven forces has been largely 
explored and validated by several authors (Jiang et al., 
2003; Jiang and Chen, 2003; Zhai et al., 2007; Lo et al., 
2012; Durrani et al., 2015). 
The input parameters for the boundaries utilized in all 
CFD models is shown in Table 8. These values were 
found during the weather analysis and the calculation of 
the heat gains and, as an example of the calculation for the 
desired ventilation rates, also correspond to 75% of the 
hours for which NV is feasible.  

Table 8: Boundary parameters for the CFD simulations 

Input parameters AHM DEL MUM 

Air temperature inside (oC) 30.6 30.5 29.3 

Air temperature outside (oC) 21.7 23.5 24.0 

Surface temperature inside (oC) 30.6 30.5 29.3 

Occupant surface temperature (oC) 33.5 33.5 33.5 

Wind pressure (multiple openings) (Pa) 0.48 0.18 0.25 

Wind pressure (single opening) (Pa) 0.22 0.07 0.09 

ΔCp 0.36 0.36 0.36 

Buoyancy ref density (kg/m3) 1.155 1.153 1.156 

Mass fraction (kg/kg dry air) 0.011 0.016 0.017 
An example of the 3D model used for the simulation 17, 
(see Table 7) for Mumbai, is shown in Figure 9. 

 
Figure 9: The 3D model used for the CFD simulation 17. 
The CFX consists of a fully implicit solver based on finite 
method calculation (Versteeg and Malalasekera, 2007) 
and the CFD simulations were performed as steady-state 
mode with heat transfer to solve continuity equation 
settings. Turbulence mode k-Epsilon Scalable was 
selected for its capacity to model buoyancy flows (Yalkot 
et al., 1992; Ji and Cook, 2007). The convergence criteria 
for residual type was set as RMS for residual targets of up 

to 1e-06. Convergence time analysis for some monitored 
points and surfaces is shown in Table 9. The CFD 
simulations were allowed to run for at least 500 
accumulated time steps. The mesh type was set as 
tetra/mixed patch independent, and a mesh sensitivity 
analysis is shown in Table 10. All the CFD simulations 
were done with mesh quality type 2. An example of 
results for air velocity shown as vectors across the room 
and as contour lines on the openings is given in Figure 10 
for the CFD simulation 17: buoyancy flow and multiple 
openings (DC-2) for Mumbai (see Table 7). 

Table 9: Averaged results for accumulated timesteps for the 
CFD simulation 15: DC-2 and New Delhi. 

Monitored points and surfaces >100 >500 >1000 

Point 1 Head Temperature 1 (oC) 26.05 25.37 25.20 

Point 2 Head Velocity 1 (m/s) 0.19 0.23 0.25 

Surface 1 flow PPO Low (m3/s) -0.05 -0.05 -0.06 

Surface 2 flow PPO High (m3/s) 0.07 0.09 0.09 

Surface 3 flow Window A (m3/s) 0.06 0.08 0.08 

Surface 4 flow Window B (m3/s) 0.05 0.06 0.06 

Surface 5 flow Window C (m3/s) -0.15 -0.17 -0.18 

Table 10: Averaged results for the mesh sensitivity analysis for 
the CFD simulation 2: DC-2 and Ahmedabad. 

Mesh quality 1 2 3 

Number of elements 1,299,625 3,887,965 7,626,656 

Maximum size 0.99948 0.99972 0.99987 

Minimum size 0.06456 0.00035 0.03870 

Mean size 0.83417 0.69302 0.64392 

Point 1 Head Temperature 1 (oC) 26.22 27.19 27.23 

Point 2 Head Velocity 1 (m/s) 0.18 0.10 0.09 

Surface 1 flow PPO Low (m3/s) -0.05 -0.04 -0.04 

Surface 2 flow PPO High (m3/s) 0.08 0.08 0.06 

Surface 3 flow Window A (m3/s) 0.07 0.04 0.05 

Surface 4 flow Window B (m3/s) 0.05 0.04 0.05 

Surface 5 flow Window C (m3/s) -0.15 -0.12 -0.12 

 
Figure 10: Air velocity vectors and contour lines on the 

openings for the CFD simulation 17: DC-2 and Mumbai. 
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Comparison of the results from the design 
charts and the CFD simulations 
The comparison of the results of the ventilation rates 
obtained with the demonstration of the DC and from the 
CFD simulations is presented and discussed here. 
The comparison of the results for Scenario A is shown in 
Figure 11. Results are given for each city and design chart 
and are also compared with the calculated desired 
ventilation rates for cooling. Good agreement is found 
between the ventilation rates predicted with the use of the 
DC and the ones from CFD. The averaged percentage 
difference between the values found with the DC and 
calculated in the CFD simulations for the twelve 
arrangements considered for Scenario A is only 1.00%, 
and a maximum difference of 5%. is shown for the MUM 
DC-4. The averaged discrepancy of the results between 
the two methods is of ~0.02m3/s, with a maximum 
difference of 0.05m3/s for MUM DC-4. Furthermore, the 
good level of agreement in the results corroborates with a 
previous statement made here that the opening sizes 
adopted for scenario A cannot provide the desired 
ventilation rates. The only exception is found for the 
results using the DC-4 for AHM. Both the values obtained 
from the DC-4 and the CFD simulation are 0.38m3/s, 
which are close to the desired ventilation rate of 0.41m3/s. 

 
Figure 11: Comparison of the ventilation rates from the 
CFD simulations and the design charts for Scenario A. 

The results of the ventilation rates through the openings 
obtained with the CFD simulations for Scenario B are 
shown in Figure 12. This figure also shows the desired 
ventilation rates, since the objective of this scenario is to 
verify if the opening sizes previously identified using the 
design charts can achieve these rates. The results for the 
buoyancy-driven NV design system with multiple 
openings (DC-2) calculated in CFD are, on average, 35% 
lower than what was expected for the opening sizes 
adopted (see Table 7). For Mumbai the difference reached 
48%: a rate of 0.28m3/s was simulated in CFD, while the 
expected result with the simulated opening sizes would be 
closer to 0.54m3/s. 
The results from CFD for the wind-driven NV design 
system with multiple openings (DC-4) are, on average, 
15% higher (for AHM and MUM) or lower (for DEL) 
than what was expected for the opening sizes. For 
Ahmedabad the difference is 19%: a rate of 0.51m3/s was 
simulated in CFD, while the expected rate would be closer 
to 0.41m3/s. Conversely, since the sizes of the openings 

adopted for the CFD models were the largest between the 
sizes found with the DC-2 and the DC-4 (Table 5 and 
Table 7), the ones for Ahmedabad were oversized for 
wind-driven ventilation. 

Figure 12: Comparison of the ventilation rates from the 
CFD simulations and the design charts for Scenario B. 

Conclusion 
This paper presents four design charts (DC) that can be 
employed as tools to assist in the sizing of openings for 
NV systems to deliver required ventilation rates for room-
scale residential apartments located in three climatic 
regions across India.  
The comparison of the values for two scenarios and for 
three Indian Cities obtained with the demonstration of the 
DCs and with CFD simulations leads to the conclusion 
that, for initial stages of residential building design, the 
four design charts can predict ventilation rates with a 
margin of error of less than 5%.  
Furthermore, the design charts can be used to determine 
the necessary sizes of the openings and the best 
arrangement of openings to deliver desired ventilation 
rates for wind-driven NV design systems with a margin of 
error of about 15%. 
With reference to the results for both the scenarios 
demonstrated, it is possible to say that the opening sizes 
adopted for current ‘business as usual’ designs (scenario 
A) cannot provide the desired ventilation rates for 
cooling. The results also show that a single opening for 
ventilation is less effective than multiple openings located 
in adjacent walls and at different heights.  
To achieve the desired airflow rates for cooling, the 
openings must combine openable windows or balcony 
doors with purpose provided openings for NV, which 
need to be tailor sized for each location (scenario B). 
Finally, to improve the accuracy of the design charts, 
notably the one for buoyancy-driven flow with multiple 
openings, more research is required. The DC may be in 
future derived from more complex CFD simulations 
validated with physical experiments and tested in more 
scenarios. This further research will allow a broader use 
of these design tools to be made to assist on decisions 
about NV strategies for residential buildings. 
Future work 
The analytical results from the design charts and the CFD 
simulations reported here are due to be further analysed 
via a dynamic thermal comfort model coupled with CFD 
and validated using a test facility at CEPT University, 
Ahmedabad, India. 
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Nomenclature 
Aeff – effective open area of the openings for NV (m2) 
Ainlet – total area of inlet openings (m2) 
Aoutlet – total area of outlet openings (m2) 
C – opening shape coefficient, ranging from 0.01 to 0.05 
Cd – discharge coefficient  
Cp – specific heat capacity of air (J/kg K) 
Cp– pressure coefficient 
ΔCp– pressure difference 
ΔTinside-outside – Tinside to Toutside temperature difference (K) 
g – gravity force (m/s2) 
h – height of the opening for NV (m) 
Qtotal – total heat gain (W) 
ρ – density of air (kg/m3) 
Pa – dynamic pressure (Pa) 
q – ventilation rate (m3/s)   
qach – ventilation rate achieved (m3/s)   
qdes – ventilation rate desired for cooling (m3/s)   
Tinside – temperature inside a building (oC) 
Toutside – temperature outside a building (oC) 
Vz – wind speed at height ‘Z’ (m/s) 
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Abstract

As building envelopes continue to become more ther-
mally insulated, the impact of exfiltration/infiltra-
tion on space heating demand will become increas-
ingly significant. Heat transfer through opaque and
transparent envelope components is well-understood
and characterized in building performance simulation
(BPS); however, simple constant flow assumptions
are often used for modelling air infiltration which can
result in substantial inaccuracies in estimated perfor-
mance. A detailed building thermal and air flow net-
work model was developed as a case study to examine
the sensitivity of envelope leakage site distribution to
annual space heating energy. Additionally the model
was used to determine if this sensitivity diminishes as
a building is pressurized. Results of the case study in-
dicate that distribution of leakage area varies annual
energy estimates and average infiltration by ±3% and
±10%, respectively, when unpressurized. Pressuriza-
tion was found to significantly increase sensitivity of
annual space heating demand to leakage distribution.

Introduction and background

The National Energy Code of Canada for Buildings
(NECB) (CCBFC, 2015) provides two principle path-
ways for compliance: following prescriptive require-
ments described in the code, or following a perfor-
mance compliance path. The performance compli-
ance path requires a designer to calculate the annual
total energy consumption of a reference building de-
fined by the code, and a proposed building. The
proposed design must be shown to not exceed the
annual energy consumption of the reference. There
has also been recent consideration of using energy
intensity targets to demonstrate compliance of pro-
posed buildings. This method of compliance has al-
ready been adopted in the Energy Step Code of the
Canadian province of British Columbia (Province of
British Columbia, 2017).

It has been suggested by Canadian industry and
authorities having jurisdiction that most designers
opt for the performance compliance path for com-
mercial buildings, and is typically demonstrated us-

ing building performance simulation (BPS) (Gir-
gis, 2012). Thermal energy transfer by conduction
through building envelope components is generally
well understood, and accurately characterized in BPS
tools (Judkoff and Neymark, 1995). However, some
of the other energy transfer processes in buildings are
less understood and difficult to characterize in energy
models. One such process is building air leakage. A
simplified approach is often used due to a lack of infor-
mation on leakage site size and location (Deru et al.,
2011).

In the NECB, both the reference and proposed build-
ing must assume a constant infiltration rate of 0.25
L/(s·m2) of gross above-grade wall and roof area.
This simplification may have been acceptable in the
past, but newer construction in Canada is trending
toward envelopes with higher thermal resistance; con-
sequently, the sensitivity of energy performance cal-
culations to air leakage modelling is also increasing.
Additionally industry is interested in receiving cred-
its in the building code for envelope air sealing mea-
sures. Therefore, there is greater importance to un-
derstand and accurately model envelope air leakage.
There are several approaches available for building
air leakage modelling, however, it is unclear which
approaches and assumptions are best suited for de-
termining building code compliance.

Building air flow modelling techniques

Clarke (2001) previously summarized building air
movement modelling techniques. They are, from sim-
plest to most complex:

1. Scheduled air flow,

2. Empirical models,

3. Air flow networks (AFN),

4. Computational fluid dynamics (CFD).

Scheduled air flow uses prescribed constant or sched-
uled flow rates between zones, and between zones and
the ambient environment. This is a computation-
ally and conceptually simple approach, but “[relies]
on guessed or estimated values of airflow” (Djunaedy
et al., 2003). This is currently the method used in
the 2017 NECB.
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Empirical infiltration models include methods which
regress data from building leakage tests. Two com-
monly used empirical techniques for residential build-
ings are the Lawrence Berkeley Laboratory (LBL) In-
filtration model (Sherman and Grimsrud, 1980b), and
the Alberta Infiltration (AIM-2) model (Walker and
Wilson, 1990). Both of these approaches use a power
law formulation to model whole-building commercial
infiltration as a function of the envelope pressure dif-
ferential. Infiltration models in EnergyPlus, summa-
rized by Gowri et al. (2009), use different formulations
for empirical modelling of building infiltration depen-
dent on indoor-outdoor temperature difference and
wind speed. All empirical approaches require knowl-
edge of envelope leakage at a minimum of one enve-
lope pressure difference. This data may be obtained
from building fan depressurization tests, however, for
high-rise and large commercial buildings, fan depres-
surization tests are often impractical. These tests re-
quire all occupants to vacate the building and several
fans are needed to reach desired pressure differentials.

AFNs are a more fundamental approach to build-
ing air movement modelling. Rather than relying on
empirical data, the basis of the AFNs is to abstract
buildings into a network of nodes interconnected by
flow inducers, such as fans, and flow resistors, such as
ducts (Hensen, 1991). Flow between nodes is char-
acterized using steady-state Bernoulli equations. Cli-
mate data and wind-induced pressure coefficients pro-
vide known pressure boundary conditions to the net-
work, and the interior node pressures and subsequent
mass flow between the nodes is solved iteratively for
each simulation timestep. Shaw and Tamura (1977)
previously modelled tall commercial buildings using
an AFN and pressure data collected from wind tunnel
experiments. Leakage area for each building zone was
lumped to a single leakage site. Ng et al. (2013) com-
pared scheduled flow models to detailed AFN models
and stated that “assuming constant infiltration air-
flow rates in energy simulation, no matter the value,
cannot capture the important effects of weather on
infiltration.”

A benefit of the AFN approach is that it does not re-
quire empirical data from buildings. Therefore, dur-
ing the initial and late design stages an AFN can be
used to estimate building air flow. The challenge of
this approach is that building leakage sites are not al-
ways apparent to a simulation practitioner, and char-
acterizing the flow characteristics of leakage sites is
non-trivial.

The basic principle of CFD is to discretize a building,
or a section of a building into finite (small) regions
(Clarke, 2001). Specialized solvers are then used to
determine air movement between the finite regions.
This approach is well-adapted to studies which an-
alyze air movement within a space to characterize
thermal comfort or air quality. However, for whole-

building energy analyses CFD is often too computa-
tionally expensive and requires a high detail for in-
puts.

Objectives

To better characterize infiltration in new construc-
tion, and provide credit to builders incorporating air-
tight designs, more detailed infiltration modelling ap-
proaches are needed for code-compliance demonstra-
tion. Empirical models and AFNs are potential can-
didates, but the detailed inputs required for these
methods create challenges for building energy model
practitioners, especially pre-construction. One major
challenge is identifying how total envelope leakage is
distributed. Walker and Wilson (1990) found that
for small residential buildings the location of envelope
leakage sites has a significant impact on infiltration
estimates.

The sensitivity for commercial buildings is less under-
stood. Compared to residential, commercial HVAC
systems often produce net-positive or net-negative
pressures for moisture and indoor air quality control
(Lstiburek and Carmody, 1994). The objective of
this paper is to examine how the sensitivity of annual
energy performance to envelope leakage distribution
varies with pressurization for a low-rise commercial
building. The hypothesis is that as the building is
pressurized there is a reduced sensitivity to leakage
location.

Methodology

To meet the objectives of the paper, a case study
building was used and modelled in the detailed BPS
tool ESP-r (Clarke, 2019). The following provides a
description of the building and the modelling method-
ology.

Case Study Building

The building considered for the case study is pictured
in Figure 1. This building is the Indoor Air Research
Laboratory (IARL) located at the National Research
Council of Canada campus in Ottawa, Ontario. The
IARL is a two storey building which includes a full
basement, and garage. The facility is also equipped
with 31 envelope ports, shown as the metal discs in
Figure 1. Each port contains a motorized damper
which is controlled through the facility’s building au-
tomation system (BAS). The purpose of these ports
is to vary both the total envelope leakage area, as well
as leakage location.
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Figure 1: IARL test facility.

During spring 2018, a building depressurization
test of the IARL was conducted per Standard
CAN/CGSB-149.10-M86 (CGSB, 1986). For this test
all envelope ports were set to the closed position. This
test was used to determine the CGSB standard equiv-
alent leakage area (ELA), defined in ASHRAE (2009),
and the effective leakage area (AL), defined in ASTM
(2010). A summary of the test results are provided
in Table 1. Note that the CGSB standard determines
leakage area at ∆P=10 Pa, whereas in the U.S. leak-
age area is typically determined at ∆P=4 Pa.

Table 1: IARL blower door test results.

Test Results at 50 Pa

Air flow [m3/s] 0.912± 1.7%
ACH50 [-] 2.30

Leakage Areas

ELA @ 10 Pa [m2] 0.172±5.0%

AL @ 10 Pa [m2] 0.105±5.0%
AL @ 4 Pa [m2] 0.108±8.2%

The facility utilizes a BAS to control the facility. The
BAS allows for the control of a dedicated air handling
unit (AHU) and was programmed with the capability
to maintain desired positive building pressures. The
BAS can also control motorized dampers located on
the supply and return ducts for each room in the fa-
cility. This allows for complete control of the airflow
to and from the rooms.

Simulation Tool and Methodology

ESP-r is an open-source tool which has undergone
extensive validation since its inception in 1977 (Stra-
chan et al., 2008). ESP-r is also one of the bench-
marking software included in ASHRAE Standard 140
(ASHRAE, 2011). The core solver of ESP-r uses
a finite-difference approach to calculate thermal en-
ergy transfer through building materials and between
interior spaces. ESP-r also contains several special-
ized solvers for modelling other physical building pro-
cesses, including air flow networks, CFD, and building
HVAC and energy systems.

Model Description

Architectural drawings of the IARL were used to con-
struct a building envelope model in ESP-r, shown in
Figure 2. The IARL was discretized into seven ther-
mal zones: three attic zones, garage, basement, first
and second floor. Since accurate modelling of solar
gain distribution in the interior space was not an ob-
jective of the research, glazing and door surfaces on
each wall face were lumped together to increase com-
putational efficiency.

Figure 2: Wire frame and rendered ESP-r model.

Principal building model characteristics are provided
in Table 2. The gross wall areas do not include the
garage, or the partition walls between the garage and
main spaces since these surfaces are not in direct con-
tact with the exterior. Building height is taken from
the ground to the ceiling of the second floor. Main
walls and ceilings below attics were modelled as hav-
ing an effective thermal resistance of 4.13 and 7.20
m2·K/W, respectively.

Table 2: IARL geometric characteristics.

Parameter Value

Heated floor area [m2] 408
Heated volume [m3] 1424
Gross exposed above-grade wall area
[m2]

353

Gross below-grade wall area [m2] 111
Total glazing area [m2] 46.4
Building height above-grade [m] 8

Model boundary conditions were provided from the
2016 version of the Canadian Weather year for Energy
Calculation (CWEC) file (ECCC, 2018) for Ottawa,
Ontario. Heating was modelled as directly supplied to
the air of the basement, first, and second floor zones
with infinite heating capacity. The heating setpoint
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temperature was a prescribed constant of 22 ◦C. No
cooling capacity was provided to the spaces. No in-
ternal gains were modelled.

Modelling Air Flow

The AFN developed for the IARL model is illustrated
in Figure 3. Internal air flow nodes were defined for
each of the conditioned thermal zones. The tempera-
ture of each node is determined for each timestep by
the ESP-r thermal solver and nodal pressures are de-
termined iteratively each timestep by the flow solver.

Figure 3: Simplified IARL AFN schematic.

Air movement between interior and exterior was mod-
elled using “crack” components. Details of these com-
ponents may be found in Hensen (1991). For the first
and second floor zones, crack components were de-
fined at the floor, mid-height of the wall, and ceiling
of the zone for each façade facing. The basement zone
was modelled with crack components along the ceil-
ing only. Each component was modelled as 1 mm in
height with variable length1 and is connected to an
associated interior node and individual exterior wind-
driven boundary node.

Pressure at the boundary node is calculated each sim-
ulation timestep as a function of wind speed and di-
rection, and pressure coefficients. These coefficients
may be determined experimentally or from CFD. Lid-
dament (1986) developed a set of coefficients for ba-
sic building plan shapes up to three storeys tall that
may be used as approximations, and were used for
this study. 1:2 and 1:1 exposed ratio pressure coeffi-
cients were used for the first floor and basement and
the second floor, respectively.

The locations of the crack components are illustrated
by the coloured rectangles in Figure 4. For this study,
the crack components were clustered into five groups,
illustrated by the matching colours and labels in Fig-
ure 4. Each group is allocated a portion of the total
envelope leakage area as inputs. Within each group,
the allocated area is then distributed to the cracks

1The resistance to flow through the crack varies linearly
with length, as shown in Hensen (1991).

in proportion to the length/width ratio of the zone
perimeter. Thus, the sensitivity to the facing direc-
tion of the leakage area is not considered in this study,
only the vertical distribution of leakage area.

Figure 4: Relative elevations of the crack groups.

The first storey floor and first-second interface groups
are special cases where the cracks are located between
thermal zones. For these groups, two cracks are mod-
elled for each façade; one for each adjacent thermal
zone. The area specified for the cracks on that façade
are divided evenly between the two crack components.
The relative elevations of the groups are provided in
Table 3.

Table 3: Relative elevations of the crack component
groups.

Group Elevation [m]

First storey floor 0
First storey wall 2.1
First-second interface 3.7
Second storey wall 5.5
Second storey ceiling 6.8

Simulation Plan

Four building pressurization scenarios were consid-
ered in this study: none, 5, 10, and 15 Pa. Pres-
surization was characterized as the pressure differ-
ence between indoor and ambient static pressure.
For each operation scenario, a Monte Carlo approach
was used to examine sensitivity. A simple random
sampling technique was used to generate 500 sam-
ples. Each sample was created by stochastically dis-
tributing total envelope leakage area to the five crack
groups listed in Table 3, and simulated at a 5 minute
timestep over a full simulation year.

Macdonald (2009) previously examined sampling
techniques for Monte Carlo applications in the con-
text of building performance simulation sensitivity
analysis. Using a building natural ventilation prob-
lem, they demonstrated that compared to stratified
and Latin Hypercube sampling, simple sampling did
not produce significantly different results, and that
for Monte Carlo uncertainty analyses approximately
100 samples using simple sampling was sufficient for
most practical building simulation applications.

The total envelope leakage area was assumed to be
equal to AL @ 4 Pa, provided in Table 1, since under
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normal operating conditions building envelopes typi-
cally experience 0 to 10 Pa (Sherman and Grimsrud,
1980a). The equivalent or effective envelope leakage
has been observed in field studies to vary with mag-
nitude of envelope ∆P, as well as with whether the
building is pressurized or depressurized. This vari-
ation is typically attributed to “valving” at some of
the leakage sites, especially at higher pressure dif-
ferentials (Sherman and Chan, 2004). The principle
of valving is that leakage sites may close up under
higher ∆P conditions. Related is the “diode effect”
of envelopes, where a leakage site may open up under
pressurization but not depressurization, or vice versa.
For the purposes of this work AL @ 4 Pa was assumed
to be a nominal leakage area for the envelope under
typical operating conditions.

Results

Sensitivity to Leakage Distribution with No
Pressurization

Figure 5 plots the distributions of whole-building an-
nual space heating demand and whole-building aver-
age annual infiltration rates for the 500 samples un-
der no mechanical pressurization. The mean value
of space heating demand is 18.8 MWh, with a sample
standard deviation of 0.58 MWh (or 3% of the mean).
For average annual infiltration in Figure 5, the mean
is 0.038 kgair/s with a sample standard deviation of
0.004 kgair/s (10% of the mean). Both demand and
infiltration distributions are negatively skewed, with
skewness values of -3.7 and -4.5, respectively.
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Figure 5: Distributions of annual space heating de-
mand and annual average infiltration under no pres-
surization.

Specific opening components in the AFN allow for
air mixing between the heated zones in the model,
shown in Figure 3. This was to account for stair-
well and crack openings between the zones, and air
mixing by the AHU. Therefore the location the infil-
tration was entering the envelope did not significantly
impact annual energy performance. This can be seen
through the strong correlation between average an-
nual infiltration and space heating demand in Figure
6.
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Figure 6: Annual whole-building space heating de-
mand versus average annual infiltration.

The average annual infiltration mass flow rate, how-
ever, is dependent on the leakage distribution. To
explore the interaction between leakage distribution
and infiltration flow rate, the samples corresponding
to maximum and minimum annual space heating de-
mand in Figure 6 were examined. The distributions
of the leakage area for these samples are provided
in Table 4. The annual demands are 20.1 and 13.7
MWh/year, respectively. The average annual infiltra-
tion rates are 0.044 and 0.003 kgair/s, respectively.

Table 4: Maximum and minimum space heating de-
mand leakage distributions.

Fraction of Total
Leakage Area

Crack Group Max.
Demand

Min.
Demand

First storey floor 51.4% 0.0%
First storey wall 0.5% 1.7%
First-second interface 2.3% 0.0%
Second storey wall 0.5% 97.8%
Second storey ceiling 47.3% 0.5%

For the maximum annual space heating demand sam-
ple, the total envelope leakage area is divided ap-
proximately evenly between the first storey floor and
second storey leakage. Under this configuration the
infiltration stack effect is maximized2; the relative el-
evation between the two leakage sites is the greatest.
For the minimum annual space heating demand sam-
ple, the total envelope leakage area is concentrated

2See Equation 23 in ASHRAE (2009)

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
708

 

 
  



at a single elevation. Therefore, there is minimal to
no stack effect driving infiltration, and infiltration is
principally wind-driven.

In practice it is unlikely that all envelope air leakage
will be concentrated at a single component or assem-
bly at the same elevation. Therefore, the minimum
demand leakage distribution scenario in Table 4 is
not likely to occur. The maximum demand scenario,
however, is more feasible since it represents leakage
at different building envelope component interfaces.

Constant Mass Flow Infiltration

Ng et al. (2013) stated that constant infiltration rates
neglect the important influences of changing weather
conditions. Djunaedy et al. (2003) also noted that
the selection of the constant infiltration rate is based
on “guessed” values. The detailed AFN simulations
conducted in this study have yielded a range of es-
timates for annual average infiltration rates, which
vary based upon leakage location. It was of interest
in this work to examine if these annual average infil-
tration rates could be used as a constant infiltration
rate to simplify energy modelling.

The maximum and minimum annual average infiltra-
tion rates found in the sensitivity study were consid-
ered: 0.044 and 0.003 kgair/s, respectively. Two ad-
ditional annual simulations of the IARL model were
conducted; one with a constant infiltration of 0.044
kgair/s, and one with a constant infiltration of 0.003
kgair/s. These mass flow rates were divided between
the three conditioned zones on a volume-weighted ba-
sis.

Table 5: Comparing AFN and constant mass flow an-
nual space heating demand.

Annual
Infiltration
Rate
[kgair/s]

Annual Space
Heating

Demand [MWh] Percent
DifferenceAFN Const.

flow

0.044 20.1 19.0 6%
0.003 13.7 14.0 2%

The difference in annual space heating demand is be-
tween 2% and 6%, with the difference increasing with
infiltration rate, shown in Table 5. The findings here
seem to agree with the statement made previously by
Djunaedy et al. (2003); that constant flow is sufficient
for annual energy estimation. This, however, is only
shown for a single building case study, and may not
be extended to all buildings, particularly those which
are taller, have higher envelope leakage, or buildings
with increasingly high thermal resistance.

Variation of Sensitivity with Pressurization

Figure 7 plots the distributions of annual heating de-
mand under different pressurization scenarios. Build-
ing pressurization is created via supply air and is
modelled as unconditioned outdoor air entering the
basement, shown in Figure 3. The ideal heating con-
trols in the model determine and supply at each sim-
ulation timestep the quantity of thermal energy in-
jected at each air node to maintain an indoor temper-
ature of 22 ◦C. Therefore, the space heating demands
will increase with pressurization, shown in Figure 7.
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Figure 7: Annual space heating demand variation un-
der pressurization.

The sample standard deviations for each pressuriza-
tion scenario are provided in Table 6. The data sug-
gests that there is an increase in leakage distribution
sensitivity as the building is pressurized. Using the
Brown-Forsythe test3, the difference in annual heat-
ing demand variation between the pressurization sce-
narios an no-pressurization is statistically significant
(α = 0.05).

Table 6: Standard deviation of space heating demand
under pressurization scenarios.

Induced Pressure
Difference [Pa]

Demand Standard
Deviation [MWh]

None 0.62

5 1.45
10 1.57
15 1.66

Discussion and Conclusions

The findings in this study do not support the hy-
pothesis that pressurization reduces the sensitivity of

3The Brown-Forsythe test is used to test the assumption of
equal variances between sample groups.
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annual building space heating demand to location of
envelope air leakage sites. The simulation data pre-
sented here shows that the sensitivity, characterized
by the standard deviation of the randomly generated
samples, increases with pressurization. The difference
in this variability of annual energy performance was
additionally shown to be significant using a Brown-
Forsythe test (α = 0.05). Therefore, the results of
this case study suggest that modelling infiltration
of pressurized commercial buildings are subjected to
similar challenges when characterizing infiltration, es-
pecially in regards to envelope leakage site location.

The results also showed that under no pressurization,
the variation of envelope air leakage sites caused a 3%
variation in the annual space heating demand esti-
mates. This finding suggests that for a low-rise com-
mercial building with typical to better than typical
airtightness (2.30 ACH @ ∆P=50 Pa for this case) the
location of the envelope leakage sites may be assumed
with negligible impact on the estimates. This conclu-
sion, however, may not be extended to taller, higher
envelope thermal resistance, and/or leakier buildings
which will be the subject of a further study.

Finally, the annual space heating demand estimates
produced by the AFN were compared to estimates
generated assuming constant mass flow infiltration.
The difference in annual energy demand estimates us-
ing the maximum and minimum annual average in-
filtration flow rates from the non-pressurized AFN
Monte Carlo study were found to be between 2%
and 6%. Therefore, the case study suggests that for
low-rise commercial, assuming a constant infiltration
flow rate in simulation models for code-compliance
is potentially acceptable. Determining an appropri-
ate value for this flow rate, however, is non-trivial.
As suggested in the results of this case study, aver-
age infiltration flow rates are strongly determined by
leakage site location and distribution which cannot
be easily estimated.

Future Work

This study only examined the variation of stack effect,
but did not examine the influence of directional vari-
ability of the leakage distribution. Common leakage
sites in a building envelope include door and window
frames which are not typically distributed evenly on
all façades of the building. Future studies will exam-
ine how facing direction of leakage sites, considered in
the context of dominant wind direction for the loca-
tion, impact the energy performance of buildings. A
fixed whole-building leakage area was also assumed in
this case study based on experimental measurements.
Future work will also examine how the sensitivity
of annual energy performance to leakage distribution
varies with total envelope leakage area. The hypoth-
esis of this work is that sensitivity of annual energy
performance to leakage distribution diminishes with
pressurization of the building.

This study was also limited by a single case study
building. To determine more general observations of
building performance and envelope leakage distribu-
tion, a wider set of built forms need to be consid-
ered. Future work will consider buildings of different
heights and aspect ratios to discern if the conclusions
determined in this work hold true for a variety of built
forms.

Finally, the IARL test facility was used as a case
study for this research. The facility is equipped with
dampers which can vary both the size and location
of the envelope leakage area. Future experimental
work is planned to verify the simulation conclusions
contained within this study.
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Abstract 

Using CFD simulation, this study compared heat 

mitigation effects of partial turf planting in school yards 

and of overall turf planting. Typical school lots and 

surrounding buildings were modelled according to actual 

conditions. Temperature contour lines and air flow 

vectors on school yards showed that heat mitigation 

effects are dependent on wind speed and direction. The 

wet bulb globe temperatures were evaluated and 

compared. Turf planting in western parts of the school 

yards was most effective. Heat mitigation at leeward wind 

areas was slight. 

 

Introduction 

Turf planting for heat mitigation on school grounds has 

expanded throughout urban areas of Japan, 

simultaneously providing benefits related to sports 

activities, injury prevention, emotional stability, and 

improved interest in nature and science (Tanabe et al., 

2000; Umemiya et al., 2010). Local governments have 

offered subsidies for turf planting, but funds are strained: 

turf planting for whole school grounds is difficult in some 

cases. Little budget help is forthcoming from 

governments for maintenance (Moriyama, 2004). 

This study used CFD simulation to compare heat 

mitigation effects of partial and comprehensive planting. 

Effective layouts were also investigated. 

Typical models of school building layouts in Osaka city 

were selected considering the surrounding building height 

and density, building orientations and positions, and turf 

planting layout and size according to the actual state. We 

conducted CFD simulation based on measured surface 

temperatures. 

 

Methods 

Survey of school yards 

Surveys using questionnaire sheets and aerial 

photographs were used to clarify the actual state of school 

yard turf planting in Osaka city. Questionnaire forms were 

sent to 66 primary schools that were supposed to have turf 

planted school yards: 28 schools answered. Requested 

items were the area and layout of planting, reason for the 

layout, expectations, effects and problems, methods of 

maintenance, and so on. Also, aerial image surveys, site 

surveys, and governmental information of all 291 schools 

in the city were used. Data of 49 turf-planted primary 

schools were collected. 

Actual state of turf planting 

Sizes, shapes, and layouts 

Figure 1 presents a frequency distribution of turf areas. 

All turf areas of the 31 schools were less than 1000 m2: 

10 schools had 900–1000 m2; 5 had 700–800 m2 of turf 

planting. Figure 2 portrays six typical turf shape and 

layout types in school lots. Actual shapes and layouts are 

also shown. They were classified as follows: 1) Overall  

 

 

 

 

 

 

 

 

 

 

Figure 1: Distribution of turf areas. 
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Figure 2: Typical turf shape and layout types. 

 

 

 

 

 

 

 

 

 

Figure 3: Respective frequency distribution of the six 

types for turf area under and over 1000 m2. 
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(All), almost all school yard planting; 2) Closed square 

(Sq), square with limited turf area; 3) Belt (Ln), long 

linear shape turf along buildings; 4) Niche (Cv), buildings 

surrounding turf; 5) Courtyard (CY), turf in an enclosed 

courtyard; and 6) Detached site (SY), turf at a detached 

site outside of the school site.  

Figure 3 shows respective frequency distributions of the 

six types for turf area under and over 1000 m2. Turf shapes 

and layouts are related to area amounts. Belt type was 

frequent for smaller turf areas. Overall type was 

frequently associated with larger turf area. Niche type was 

frequently associated with smaller and larger turf areas. 

Surrounding buildings and blocks of schools 

Figure 4 depicts a frequency distribution of green space 

ratios in 400 m × 400 m areas surrounding all 291 

elementary school lots in Osaka city. Ratio values were 

estimated using aerial photographs. The distribution was 

bell-shaped, with a long right tail: 2–3% was most 

frequent, indicating a lack of green space in the city. 

Typical school building patterns were investigated based 

on the school lot area, school building layout, and 

swimming pool and gymnasium sizes for schools with a 

green ratio value lower than the 25th percentile. These 

schools are inferred to need more green space. Their most 

frequent school building pattern had buildings on the 

north and west of the lot, with the swimming pool and 

gymnasium located separately. Means and standard 

deviations of the school lots were 9,961 m2 and 3,167 m2. 

Eight schools met the condition. 

The heights and densities of the schools’ surrounding 

areas were found from the number of buildings in the west 

side of the school lots higher than school buildings. West 

is the most frequent wind direction in the city. Two 

schools were selected: Model_K with high and middle 

buildings built at low density and Model_H with low 

buildings built at high density. Figure 5 presents a model 

of schools and surroundings: Model_K had a school lot of 

11,550 m2 with a school yard of 6,520 m2; Model_H had 

a school lot of 11,865 m2 with a school yard of 6,510 m2. 

They were used as models for CFD simulation. 

Methods of CFD simulation 

After the 400 m × 400 m areas surrounding the selected 

two schools were modelled, we carried out a CFD 

simulation for a peak summer afternoon in Osaka. 

STREAM® by Software Cradle Co., Ltd. was used for 

calculations. Figure 6 portrays the analysis domain and 

mesh layout. A cubic mesh was applied. The mesh widths  

 

Figure 4: Green space ratios in 400 m ×400 m areas 

surrounding 291 elementary school lots in Osaka city. 

 

School lot area: 11,550 m2 

School yard area: 6,520 m2 
MODEL_K 

 

School lot area: 11,865 m2 

School yard area: 6,510 m2 
MODEL_H 

Figure 5: School lots and surrounding buildings of 

Model_K and Model_H. 

 

Table 1: CFD analysis conditions. 

Analysis Domain 1500m×600m×450m 

Analysis Model 400m×400m(highest building 45m) 

Turbulence model Standard k-ε model 

Discretization Scheme 
first‐order upwind differencing 

scheme 

Bound

ary 

Condit

ion 

Inlet(West) 

1/5 power law 3.13 m/s(Z=20m) 

31.60°C(MODEL_K) / 31.10°C 

(MODEL_H) 

from West to East 

Outlet(East) Gauge pressure: 0 pa 

other 

Ground/Walls: no-slip 

Sky/Northern/Southern Domain: free-

slip  

Thermal Boundary 

Condition 

Coefficient of Heat-Transfer 23W/m2 

K  (fixed; same for all surfaces) 

Number of Mesh 

Elements 

6,001,328(MODEL_K)/5,889,372(M

ODEL_H) 

 

 

 

 

 

 

 

 

 

Figure 6: Analysis domain and mesh layout. 
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Figure 7: Cases of turf layout patterns for calculation. 
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Table 2: Surface temperatures for CFD analysis. 

Building surface (°C) Ground (°C) 

Nort

h 
South West East Roof sunlit shaded 

35.8

4 
35.79 39.95 38.48 51.80 51.80 37.60 

Ground of school yard (°C) 

Soil (sunlit) Soil (shaded) Turf (sunlit) 
Turf 

(shaded) 

51.20 37.94 46.73 34.64 

       

 

 

 

 

 

 

 

 

MODEL_K                                   MODEL_H 

Figure 8: Study points on school yards for calculations. 

 

were 750 mm in the school, 1,500 mm in the model, and 

9,000 mm out of the model. These mesh sizes were 

generally used for urban size simulation in earlier studies. 

Table 1 presents the CFD analysis conditions (Sakai et al., 

2004; Harada et al., 2011; Umemiya et al., 2013). 

Seven cases of Model_K and six cases of Model_H in 

Figure 7 were calculated considering frequent turf layout 

patterns of the Belt and the Niche and the west wind 

direction. Mean surface temperatures shown in Table 2 

measured at 13:00_14:00 on August 12, 2011 in Osaka 

under stable sunshine were used (Umemiya et al., 2013). 

Shade/sunlit conditions of the grounds were decided by 

solar position at 14:00, although wall temperatures were 

the same irrespective of the sunshine conditions. 

Figure 8 shows 36 points on school yards for calculations. 

They were measured 1.0 m from the ground to conform 

to schoolchild size. 

 

Results of CFD 

Model_K 

Fig. 9 presents a comparison of air temperature contour 

lines around school lots for Case 0 without turf and Case 

1 of comprehensively turf for MODEL_K. Temperatures 

at study points were 33.47–36.16°C for Case 0 and 33.25–

35.44°C for Case 1. They were within the range of 

measured air temperatures. The temperature in Case 1 was 

lower than that in Case 0 for all study points. Differences  

 

 

 

 

 

 

 

 

 

 

 

 

Case 0 (without turf) (MODEL_K). 

Case 0 (without turf) (MODEL_K).  

 

 

 

 

 

 

 

 

 

 

Case 1 (comprehensively turf) (MODEL_K).  

Figure 9: Temperature contour lines around school lots 

for Case 0 and Case 1 (MODEL_K). 
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K_Case 6 

Turf area  

0.0          0.5          1.0   [K] 

Figure10: Contour lines of temperature difference from  

Case 0 (without turf) (MODEL_K). 

at study points were 0.08–0.92 K.  Figure  10  shows 

contour lines of difference from Case 0. Green broken 

lines show turf areas. The maximum difference and mean  

 

 

 

 

Table3: Maximum difference and mean difference from Case 0 (without turf) for each case.
 K_Case 2 K_Case 3 K_Case 4 K_Case 5 K_Case 6 H_Case 2 H_Case 3 H_Case 4 H_Case 5 

Maximum (K) 0.40 0.43 0.54 0.70 0.78 0.42 0.20 0.16 0.40 

Mean (K) 0.24 0.18 0.18 0.32 0.56 0.21 0.11 0.15 0.27 

 

Table 3: Maximum difference and mean difference from Case 0 (without turf) for each case. 
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difference from Case 0 are shown in Table 3 for each case. 

The difference was large east of gymnasiums southwest 

of school lots and niches in the school yard for Case 1. 

Differences are shown only for turf for Cases 2–6. Mean 

differences on turf areas were 0.56 K for Case 6. 

Differences from Case 0 in Cases 2, 5, and 6 that had turf 

in west and south of school yard were as large as those in 

Case 0. By contrast, differences from Case 0 in Cases 3–

4 were only 0.1–0.4 K, even on turf.  

Airflow vectors in Figure 11 show leeward turf areas. 

Results show that turf existing in a leeward direction wind 

exerted less effect on heat mitigation because hot air 

passed on hot surfaces and flowed on turf when turf 

existed leeward. 

Model_H 

Fig. 12 presents a comparison of temperature contour 

lines of school yards for MODEL_H. Figure 13 shows 

contour lines of temperature difference from Case 0. 

Airflow vectors and flow lines for MODEL_H are shown 

in Figure 11.   

The maximum difference and mean difference are shown 

in Table 3 for each case. The mean difference on turf area 

was 0.27 K for Case 5. Results show that it was the most 

effective case aside from Case 1. Turf existing leeward 

was less effective also in Model_H. Temperatures on turf 

were higher in Case 3 and Case 4. Turf was present east 

or north in school lots at direction of leeward in these 

cases. 
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Figure11: Air flow vectors and flow lines in school 

yards.  

 

 

 

 

 

 

 

 

 

 

 

Case 0 (without turf) (MODEL_H). 

 

 

 

 

 

 

 

 

 

Case 1 (comprehensively turf) (MODEL_H).  

Figure 12: Temperature contour lines around school lots 

for Case 0 and Case 1 (MODEL_H). 
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Figure13: Contour lines of temperature difference from  

Case 0 (without turf) (MODEL_H). 
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Wind speed and temperature 

Figure 14 portrays the relation between wind speed and 

temperature difference at study points from Case 0. Heat 

mitigation effects were greater at high wind speed points 

(Yagi et al., 2013). The temperature off of the turf was 

higher in Case 0. Results show that heat mitigation effects 

depend also on wind speed. 

 

Heat mitigation effect evaluation using 

WBGT 

The Wet Bulb Globe Temperature is an index 

representing human heat stress in hot environment 

standardized by ISO7243. Reference WBGT values for 

sports activity are shown by the Japan Sports Association: 

WBGT 21_25°C for ‘ attention ’ , 25_28°C for 

‘warning’ , 28_31°C for ‘ strong warning’  and 

31°C_ for ‘discontinuation’ . The Japan Institute of 

Biometeorology recommends other reference values in 

daily life. Japan’s ministry of the environment estimates 

and releases the WBGT value every day in hot seasons to 

call attention to heatstroke. WBGT is more suitable to 

estimate heat mitigation effects than air temperature 

because it is a synthetic thermal index incorporating 

radiation, humidity, and air velocity. 

The mean radiant temperature was estimated from 

Equations (1) and (2) using measured solar radiation, 

where TMRT,L is the mean radiant temperature, considering 

long-wave radiation from building surfaces (Pickup et al., 

1999;   Majima et al., 2007). The globe temperature was 

calculated by using Equation (3). The wet bulb 

temperature was estimated with Equation (4) to (6) using 

humidity measured on turf ground. 

Table 4 shows the wet bulb globe temperature (WBGT) 

averaged for 36 points in each case with and without turf 

planting. Differences of WBGT from Case 0 (without 

turf) are also shown. The layout of Case 2 includes turf 

west of the school yard, which was most effective. Mean 

differences were 0.33–0.79 K. The maximum difference 

was 0.98 K. Figure 15 presents the relation between the 

temperature difference and WBGT difference. The 

WBGT difference was about 0.2 K greater than the 

temperature difference. 

 

Conclusion 

Actual states of turf-planted school yards were surveyed. 

Heat mitigation effects of turf in peak summer were 

calculated using CFD simulation for two typical schools. 

Results demonstrated the following.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure14: Relation between wind speed and temperature 

difference from Case 0 (without turf). 

 

 

 

 

 

 

 

 

 

Figure 15: Relation between temperature difference and 

WBGT difference from Case 0 (without turf). 

 

𝑇𝑀𝑅𝑇,𝐿 = ∑ 𝐹𝑏𝑖 × 𝑇𝑝𝑟𝑡_𝑖

= ∑ 𝐹𝑏𝑖 × (𝛴𝐹𝑗 × 𝜀𝑗𝑇𝑠_𝑗) 
(1) 

𝑇𝑀𝑅𝑇

= [
𝑓𝑝(1 − 𝛼𝑐𝑙)𝑆 ↓

𝐹𝑒𝑓𝑓𝜎

+
(1 − 𝛼𝑐𝑙){𝐷 ↓ +(𝐷 ↓ +𝑆 ↓)𝛼𝐺𝑁𝐷}

𝜎

+ 𝑇𝑀𝑅𝑇,𝐿
4 ]

0.25

 

(2) 

𝑇𝑀𝑅𝑇 = [(𝑡𝑔 + 273)
4

+
1.10×108𝑉𝑎

0.6

𝜀𝑏𝐷 0.4 (𝑡𝑔 −

𝑡𝑎)]
0.25

− 273  

(3) 

h'=h+(x'-x)h'c≒h+(x'-x) tw (4) 

h=0.240ta+(0.431ta+597.3)x (5) 

x=0.622×f/(760-f) (6) 
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Table4 : Average of WBGT for study points of each case with partial turf.
 K_Case2 K_Case3 K_Case4 K_Case5 K_Case6 H_Case2 H_Case3 H_Case4 H_Case5 

without Turf (°C) 29.68 32.07 32.14 32.12 35.55 29.56 31.92 31.72 31.99 

with Turf (°C) 29.22 31.62 31.74 31.60 34.77 29.18 31.59 31.34 31.53 

Difference (K) 0.47 0.45 0.39 0.52 0.79 0.38 0.33 0.38 0.46 

 

Table 4: Average of WBGT for study points of each case with partial turf. 
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1) The temperature difference from case without turf was 

0.1–0.6 K: maximum 0.8 K. 

2)Temperature difference from case without turf was 

greater at slow air points.  

3) Heat mitigation effects of turf were almost limited to 

turf planted points.  

4) Heat mitigation effects were small at leeward points.  

5) The WBGT difference from case with turf was about 

0.2 K greater than the temperature difference from case 

without turf. 

These results demonstrate that some turf planting layouts 

have almost identical heat mitigation effects to those of 

bare grounds, although partial turf planting was actually 

often selected for financial and maintenance reasons 

actually. Considerations of the wind velocity and 

direction in the school lots are important. 

 

Nomenclature 

TMRT,L: mean long-wave radiant temperature [°C] 

Fbi: projected area factor of plane-i of human body [-]  

Tprt_i: plane radiant temperature of plane-i [°C] 

Fj: configuration factor of plane-j [-]  

εj: emissivity of plane-j [-]  

Ts_j: surface temperature of plane-j [°C]  

TMRT: mean radiant temperature [°C] 

fp: human body’s projected area factor [-]  

αcl: albedo of clothing [-] (=0.4)  

S↓: direct solar radiation [W/m2]  

D↓: diffuse solar radiation [W/m2] , 

Feff: effective radiation area factor [-] (=0.75) 

σ: Stefan Boltzmann constant (=5.67×10-8 [W/m2K4]) 

αGND: ground albedo [-] (=0.1) 

tg: globe temperature [°C] 

ta: air temperature [°C]  

tw: wet bulb temperature [°C]  

Va: air velocity [m/s]  

εb: emissivity of globe [-] 

D: diameter of globe [m]  

h: air enthalpy ratio around dry bulb [kJ/kg]  

h’: air enthalpy ratio around wet bulb [kJ/kg]   

x: humidity ratio around dry bulb [g/kg dry air]  

x’: humidity ratio around wet bulb [g/kg dry air] 

f: vapour pressure around dry bulb [mmHg] 
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Abstract 

In this study, we analyzed the heat transfer mechanism in 

a slim double skin facade (SDSF). Computational fluid 

dynamics (CFD) simulations were exploited and the 

model was validated with measured data from full-scale 

experiments. Based on the simulations, we analyzed both 

the type and amount of heat that entered a room, in 

addition to the amount of heat released through the cavity. 

We also performed a parametric study on the effect of the 

type of outer glass on heat transfer. The results indicate 

that it is advantageous to use colored or low-emissivity 

glass as the outer glass to improve cooling performance 

using SDSF. 

Introduction 

Many buildings built with curtain walls experience the 

problem that excessive solar radiation enters through the 

glass of curtain walls thereby resulting in large cooling 

loads during summertime (Yoon et al., 2011). To address 

this problem, the double skin façade (DSF) has been 

actively used for many years. The DSF has a cavity 

between two façade layers to prevent overheating of the 

cavity using ventilation. Nevertheless, this is a 

complicated system and it is difficult to apply this solution 

to small or existing buildings (Hendriksen et al., 2000, 

Cho and Cho, 2018). 

A slim double skin façade (SDSF) is an alternative 

method that is used to solve the overheating problem 

(Young-sub et al., 2017). The SDSF is a 50 mm slim 

window system that consists of an outer single glass, an 

inner double glass, and a cavity between them (Figure 1). 

It has two openings at the top and the bottom of the façade, 

with a height of 0.02 m. This structure can prevent 

overheating of the cavity via natural ventilation, as in the 

case of DSF, and thus reduces indoor cooling loads. 

Young-sub et al. (2017) experimentally demonstrated that 

SDSF reduces the cooling loads during summertime 

compared to triple glass. Moreover, SDSF is smaller and 

simpler than DSF, so it can be installed in small offices 

and can reduce cooling loads caused by windows. 

To optimize the performance and utilize the SDSF 

properly, it is important to understand the heat transfer 

mechanism of this approach. The heat transfer mechanism 

of the DSF has been previously investigated; however, 

there are no published reports on the analysis of heat 

transfer of SDSFs. 

Generally, computational fluid dynamics (CFD) 

simulation is frequently used in the analysis of heat 

transfer using a complicated window system. Pappas and 

Zhai (2008) analyzed the thermal performance of DSF 

cavities with a buoyancy-driven airflow using a building 

energy simulation program and CFD. Jiru et al. (2011) 

conducted airflow and heat transfer simulations for a DSF 

with a Venetian blind, also using CFD. Iyi et al. (2014) 

conducted CFD investigations on modeling strategy, 

blind proximity, and inclination of a DSF with a Venetian 

blind. 

The aim of this study is to perform a detailed analysis of 

heat transfer in SDSF using CFD simulation. In addition, 

this study explores the influence of the outer glass on the 

heat transferred to the indoor space.  

For this purpose, both experiments and CFD simulations 

were performed. A full-scale experiment was performed 

to measure the temperature of the cavity and the outer 

glass, indoor and outdoor temperature, and solar radiation. 

The results were used for validation of the CFD model.  

The heat transfer of the SDSF was then analyzed using the 

validated CFD model. Finally, the heat transfer of the 

three types of outer glass was analyzed and the solar heat 

gain was compared for three cases. 

 

Figure 1: A conceptual diagram of a SDSF 

 

Figure 2: The facility for full-scale experiment 
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Figure 3: Temperature measurement positions in SDSF 

vertical section 

Full-scale measurements 

Experimental set-up 

A full-scale experiment was conducted in August 2016 at 

a facility in Yongin, Gyeonggi – do (Figure 2). The 

investigated façade is in the southwest and the SDSF used 

was 1.7 m high and 1.67 m wide. One side of the SDSF 

was exposed to environmental weather conditions, while 

the other side faced a thermally conditioned room that was 

maintained at approximately 24 ℃ using conditioned air. 

The outdoor air temperature, indoor air temperature, outer 

glass surface temperatures, air in cavity temperatures and 

global solar radiation were all measured. The vertical 

positions of the sensors are shown in Figure 3. The 

horizontal position of the sensor is represented by the 

central line of the window. The temperatures were 

measured using thermocouples (T-type) and all the data 

were recorded at intervals of 5 mins. 

Temperature distribution and solar radiation 

throughout measurements 

Figures 4 and 5 show the temperature and solar radiation, 

respectively, on August 26th. On this day, the solar 

radiation was high and the outdoor air temperature was 

also high. It can thus be regarded as a typical summer day 

in Yongin. As shown in Figure 4, the outdoor air 

temperature reached 38 ℃. As the outside temperature 

increased, the upper and lower temperatures of the outer 

glass surface are clearly stratified, and the temperature 

difference increased to approximately 6 ℃. The air 

temperature in the cavity was very similar to the outer 

glass temperature. Such a stratification in the cavity 

induces buoyancy flow. Figure 5 shows the measured 

time-averaged global solar radiation. In addition, the 

direct and diffuse radiation are separated from each other 

using a decomposition model (Ineichen et al., 1992). The 

global solar radiation had a maximum of 740 W/m2 on the 

facade, with direct solar radiation accounting for 69% and 

diffused solar radiation accounts for 31%. 

 

Figure 4: The measured outer glass, air in cavity, 

outdoor, indoor temperature on August 26, 2016 

 

Figure 5: The time-averaged solar irradiation measured 

on August 26, 2016 

 

Figure 6: Geometrical model for CFD simulation 

CFD simulation 

Computational model 

To analyze the heat transfer of the SDSF in detail, a 

steady-state CFD simulation was employed. This study 

modeled the three-dimensional SDSF as well as the 

adjacent room and external environment as shown in 

Figure 6. In the CFD modeling of the DSF, the external 

environment is known to be an important factor that 

affects the quality of the simulation (Pasut and De Carli, 

2012). An external domain of (8.5 m high (z) × 10.0 m 

wide(y) × 2.0 m deep (x)) is large enough relative to the 

SDSF (1.7 m high × 1.67 m wide × 0.05 m deep) so that 

the domain boundaries do not affect airflow at the cavity 

openings. The adjacent room is 2.3 m high, 3.24 m wide 

and 4.68 m deep. Trimmer cells were employed, and 

489,882 cells were created for the entire computational 

domain.  
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Table 1: Layer properties of the facade 

Turbulence & Radiation model 

In this study, the conduction and convection in the glass 

in addition to the radiation on the surface of the glass were 

simultaneously considered. The conductivity of the glass 

was set at 1.4 W/m∙K. A commercial CFD program, 

STAR-CCM+, was employed to solve the Reynolds–

Average Navier–Stokes Equations (RANS). The k– ε 
RNG turbulence model was used to simulate the overall 

turbulence effect on the mean airflow. A surface-to-

surface (S2S) radiation model was used to calculate the 

thermal radiation heat transfer based on the assumption 

that the surfaces were diffused. In addition, we chose a 

multiband thermal radiation model consisting of a long-

wave band (3-100 μm) and a short-wave band (0.1-3 μm) 

(Xue and Li, 2015). A solar load model was used to 

account for solar incidence angles. For the convenience of 

interpretation, only direct solar radiation was considered 

in the CFD model because the diffuse effects are expected 

to be negligible (Iyi et al., 2014).  

Boundary conditions 

At the time of analysis, we chose 2 pm on August 26 as 

the time point for which the effect of buoyancy ventilation 

in the SDSF could be clearly observed owing to the 

maximum solar radiation and lack of wind. The steady-

state simulation conducted in this study was based on 

global solar radiation of 740 W/m2 on the test façade as 

the boundary condition. The corresponding outdoor air 

temperature and indoor air temperature were 34 ℃ and 

24 ℃ respectively. In addition, a windless situation was 

assumed for the simulation. The horizontal boundaries at 

the frame were assumed to be adiabatic and the glass 

properties were calculated using the LBNL WINDOW 

program (LBNL, 2013) based on the properties of the 

actual glasses that were used in the experiment. Table 1 

shows the solar and infrared properties of all the layers. 

A comparison of the CFD model with measurements 

Figure 7 presents the results of the CFD predictions for 

the temperature distribution and air velocity. The top, 

middle, and bottom vertical sections (central line of width) 

of the SDSF are represented in the figure. Figure 7-(a) 

shows that there is a distinct temperature stratification 

along the top and bottom of both the glass and cavity. 

Consequently, the buoyancy effect can be seen (Figure 7-

(b)). Low-temperature air is introduced into the lower 

opening, and heated air is exhausted from the upper 

opening.  

 

The maximum temperature of the air in the cavity 

occurred near the top. This result is the same as that 

reported based on Manz (2004)’s study of DSF, which is 

similar to the SDSF but with a wider cavity width. On 

average, the airflow at the openings was approximately 

0.3 m/s. In addition, the air velocity at the inlet and outlet 

was high. However, the analysis demonstrates that the air 

flow stagnates at the center of the cavity. 

CFD predictions for the outer glass surface temperatures 

(P1, P2) and the air temperatures in the cavities (P3, P4) 

were compared with measured values. Table 2 shows the 

temperature values and the corresponding errors. The 

measurements revealed a rise in the outer glass surface 

temperature from 47.7 ℃ (P2) to 48.6 ℃ (P1), in addition 

to an increase in the air temperature in the cavity from 

46.3 ℃ (P4) to 48.2 ℃ (P3). The CFD analysis also 

recorded such a temperature rise and confirmed the 

observed stratification phenomena in the outer glass and 

air in the cavity. Overall, the CFD prediction was 

generally in agreement with the measurements. 

 

 

 

 

(a) Temperature (b)Velocity 

Figure 7: CFD results of temperature distribution and 

air velocity in a section of the SDSF  

Table 2: Comparison of measurement and simulation 

 P1 P2 P3 P4 

Measurement (℃) 48.6 47.7 48.2 46.3 

Simulation (℃) 48.0 46.0 47.4 42.5 

Absolute error (℃) 0.6 1.7 0.8 3.8 

Layer 

Numb

er 

Name 

Thick

ness 

(mm) 

Solar 

transmittance 

(dimensionless) 

Reflectance 

outside 

(dimensionless) 

Reflectance 

inside 

(dimensionless) 

Emissivity 

inside 

(dimensionless) 

Emissivity 

outside 

(dimensionless) 

1 Clear glass 6 0.765 0.073 0.073 0.837 0.837 

2 Cavity 20 - - - - - 

3 
Low-emissivity 

glass 
6 0.390 0.231 0.309 0.837 0.057 

4 Argon 12 - - - - - 

5 
Low-emissivity 

glass 
6 0.390 0.309 0.231 0.057 0.837 
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CFD results for heat transfer 

The heat transfer of an SDSF is complicated because it 

involves incident solar radiation, solar reflection, solar 

transmission, solar absorption, convection heat transfer, 

long-wave radiation, and other aspects. The two most 

important factors that determine the cooling load are: 

• Transmitted solar radiation 

• The secondary internal heat flow 

The secondary internal heat flow refers to the absorbed 

solar radiation that enters the room in the form of thermal 

radiation and convection (Manz, 2004). The transmitted 

solar radiation plus the secondary internal heat flow is the 

total solar heat gain, which is the indoor cooling load due 

to incident solar radiation. Furthermore, another 

important value is the heat released by free convection in 

the cavity. This represents the effectiveness of the SDSF's 

thin cavity. The analysis of the heat transfer of SDSF was 

focused on these three values as shown in Figure 8. The 

figure shows the distribution of relative heat flow when 

the incident solar radiation is set to 1. The actual value of 

the incident solar radiation is 2020 W. 

Using short-wave radiation, 13% of the incident solar 

radiation is instantaneously transmitted into the room. 

The reflected solar radiation is very small and 80% of the 

solar radiation is absorbed throughout the SDSF. After 

absorption in the façade, 16% of the incident solar 

radiation flows into the room by convection and long-

wave infrared radiation. The total solar heat gain is 

therefore approximately 29% of the incident solar 

radiation. In addition, 16% of the incident solar radiation 

is discharged by convective heat transfer in the cavity.  

The total solar heat gain can be divided into radiation and 

convection depending on the heat transfer mechanism 

(Table 3). Radiation can be divided into short-wave 

radiation and long-wave radiation. Short-wave radiation 

is transmitted radiation and has a value of 263 W. Long-

wave radiation is found inside the room as secondary heat 

flow and the associated value is 290 W. Convection is also 

included in the secondary heat flow into the room, with a 

value of 43 W. The ratio of the radiation to the total solar 

heat gain is 93%, which is much larger than in the case of 

convection. 

 

Figure 8: Heat transfer in SDSF in steady-state  

 

Table 3: Total solar heat gain divided by radiation and 

convection heat transfer 

Total solar heat gain 596 W 100% 

Radiation 

short-wave 

radiation 
263 W 

 93% 
long-wave 

radiation 
290 W 

Convection convection 43 W  7% 

Parametric study 

Case description for simple parametric study 

Parametric studies are often used to optimize the 

performance of complex window systems (Jiru et al., 

2011, Iyi et al., 2014). The parameters that can be 

considered in the SDSF are the outer glass type, the vent 

size, and the cavity size, etc. Among these, the outer glass 

type is the key parameter because it is easy to change 

according to the user’s demand, determines the 

appearance of the building, and greatly affects the thermal 

performance in the cavity. In this study, we focused on the 

outer glass type and analyzed the heat transfer by three 

types of outer glass: clear glass (Case 1), colored glass 

(Case 2), and low-emissivity glass (Case 3). Clear glass is 

the base model that was analyzed earlier, whereas colored 

glass and low-emissivity glass were selected as glasses 

that are commonly used in Korean offices. A CFD 

simulation was used for the analysis, and all boundary 

conditions except the optical properties of the glass were 

the same as the conditions previously described. The 

optical properties of the glass were calculated using the 

LBNL WINDOW software and the values are shown in 

Table 4.  

Analysis and comparison of heat transfer in the three 

cases 

Figure 9 shows the temperature distributions for Case 2 

and Case 3 as determined using CFD simulation. The 

temperature distribution for Case 1 is presented in Figure 

7-(a). When compared to Case 1, Cases 2 and 3 have a 

relatively high outer glass temperature and a low 

secondary glass (layer 3) temperature. In addition, Case 3 

has a lower overall glass temperature and air temperature 

in the cavity compared to Case 2. 

An overall analysis of the heat transfer for the three cases 

is presented in Figure 10. This figure represents the 

incident solar radiation as 1 and the other values as 

relative values similar to Figure 8. 

In Case 2, 8% of the incident solar radiation is transmitted 

to the room, which is lower than in Case 1. The absorbed 

radiation increased to 86% but the secondary heat that 

entered the room decreased to 13%. The total solar heat 

gain is consequently 21% of the incident solar radiation. 

The convection heat transfer from the cavity also 

decreased from 16% to 11%. In Case 3, the transmitted 

amount is reduced to 7% of the solar radiation and the 

secondary heat that enters the room is also 12%. Therefore, 

the total solar heat gain is 19% of the incident solar 

radiation, the smallest of the three cases. Convection heat 

transfer in the cavity is also the smallest at 10% of the 

incident solar radiation.  
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Table 4: Outer glass properties in three cases 

In general, Case 2 and Case 3 have lower total solar heat 

gain than Case 1. In Case 2, the total solar heat gain is 

reduced by 27%, whereas the reduction is 35% for Case 3 

compared to Case 1. However, it was observed that not 

only the total solar heat gain, but also the heat released as 

convective heat transfer in the cavity was reduced. This 

means that when the outer glass type is changed, the 

overall thermal performance of the SDSF can be 

improved, even though the buoyancy ventilation in the 

cavity is less active. 

Figure 9: CFD results of temperature distribution in 

Case 2 and Case 3 

Conclusion 

In this study, we analyzed the heat transfer of the SDSF 

in detail using CFD simulations to provide building 

designers with both an in-depth understanding and basic 

data for optimization of the performance of the SDSF. 

Numerous previous studies have analyzed the heat 

transfer mechanism of the DSF, but this study is different 

in that it analyzes a window with a very slim cavity, as is 

the case of an SDSF. 

Based on the results of the full-scale experiment, it was 

determined that the temperature difference between the 

lower and upper part of the cavity was approximately 6 ℃. 

It was also observed that this temperature stratification 

caused buoyancy ventilation of the SDSF. 

 

 

 

 

Analysis of the heat transfer mechanism of the SDSF 

using CFD simulations revealed that 13% of incident 

solar radiation entered the room in the form of short-wave 

radiation. In addition, solar radiation absorbed into the 

glass enters the room in the form of long-wave radiation 

and convection. This represents 14% and 2% of the 

incident solar radiation, respectively. However, free 

convection in the cavity released 16% of the solar 

irradiation received by the façade. This is a significant 

amount and demonstrates the effectiveness of the cavity 

of an SDSF in reducing the secondary heat flow into a 

room. It is necessary to investigate ways of improving the 

efficiency of the cavity ventilation in the future. 

As a result of the parameter study according to the type of 

outer glass, it was determined that the total solar heat gain 

was reduced by 27% colored glass is used compared to 

clear glass. When low-emissivity outer glass was used, 

the total solar heat gain was reduced by 35% compared to 

clear glass. The decrease in the total solar heat gain 

implies that the indoor cooling load is reduced. Therefore, 

it is advantageous to use colored or low-emissivity outer 

glass to improve cooling performance with SDSF. 

One of the limitations of this study is that only the type of 

outer glass was investigated among the possible 

parameters. In the future, it is necessary to optimize the 

performance of SDSF by studying other parameters 

including the vent size, cavity width, and cost. 

Finally, this study included an analysis of the steady-state 

condition by choosing a summertime point such that the 

performance of the SDSF could be maximized to prevent 

an increase of the cooling load through the transparent 

envelope. However, the cavity of the SDSF may pass 

through the cold outside air during winter, which may 

increase the indoor heating load. 

Therefore, further study is required to analyze the heat 

transfer of SDSF in the winter. Ultimately, the annual 

energy evaluation of SDSF will be performed. 

 Name 

Thick

ness 

(mm) 

Solar 

transmittance 

(dimensionless) 

Reflectance 

outside 

(dimensionless) 

Reflectance 

inside 

(dimensionless) 

Emissivity 

inside 

(dimensionless) 

Emissivity 

outside 

(dimensionless) 

Case 1 Clear glass 6 0.765 0.073 0.073 0.837 0.837 

Case 2 
Color (green) 

glass 
6 0.485 0.057 0.057 0.837 0.837 

Case 3 
Low-emissivity 

glass 
6 0.390 0.231 0.309 0.837 0.057 

  
 

Case 2 Case 3  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
722

 

 
  



 

Acknowledgment 

This research was supported by a grant (19RERP-

B082204-06) from the Residential Environment Research 

Program funded by the Ministry of Land, Infrastructure, 

and Transport of the Korean government. 

References 

Cho, K. and Cho, D. (2018). Solar Heat Gain Coefficient 

Analysis of a Slim-Type Double Skin Window 

System: Using an Experimental and a Simulation 

Method. Energies 11(1): 115. 

Hendriksen, O. J., H. Sorensen, A. Svenson and P. 

Aaqvist (2000). Double skin façades—fashion or a 

step towards sustainable buildings. Proceedings of 

ISES, Eurosun 2000. 

Ineichen, P., R. Perez, R. Seal, E. Maxwell and A. 

Zalenka (1992). Dynamic global-to-direct irradiance 

conversion models. Ashrae Transactions 98(1): 354-

369. 

Iyi, D., R. Hasan, R. Penlington and C. Underwood 

(2014). Double skin façade: Modelling technique and 

influence of venetian blinds on the airflow and heat 

transfer. Applied thermal engineering 71(1): 219-229. 

Jiru, T. E., Y.-X. Tao and F. Haghighat (2011). Airflow 

and heat transfer in double skin facades. Energy and 

Buildings 43(10): 2760-2766. 

LBNL, W. (2013). Simulation Manual. Lawrence 

Berkeley National Laboratory. 

Manz, H. (2004). Total solar energy transmittance of glass 

double façades with free convection. Energy and 

buildings 36(2): 127-136. 

 

 

Pappas, A. and Z. Zhai (2008). Numerical investigation 

on thermal performance and correlations of double 

skin façade with buoyancy-driven airflow. Energy and 

Buildings 40(4): 466-475. 

Pasut, W. and M. De Carli (2012). Evaluation of various 

CFD modelling strategies in predicting airflow and 

temperature in a naturally ventilated double skin 

façade. Applied Thermal Engineering 37: 267-274. 

Xue, F. and X. Li (2015). A fast assessment method for 

thermal performance of naturally ventilated double-

skin façades during cooling season. Solar Energy 114: 

303-313. 

Yoon, H. Jae, Hong, W. Won, Hwang, J. Woo, Choi and 

K. Won (2011). A Study of Correlation Between 

Glazing Performance and Building Energy - Focused 

on the U-value, SHGC and VLT in a Curtain Wall 

Building. JOURNAL OF THE ARCHITECTURAL 

INSTITUTE OF KOREA Planning & Design 27(12): 

341-348. 

An, Y., Lee, G., Kim, E. and Kim, T. (2017). An 

experimental research study on the performance of 

reduced cooling load for a slim double skin 

facade(SDSF) with an air thickness of 20mm. In 12th 

Conference on Advanced Building Skins, 2017, Bern, 

Switzerland. Advanced Building Skins GmbH. 

 

 

 

 

 

 

   

Case 1 Case 2 Case 3 

Figure 10: Calculated heat flow for three cases 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
723

 

 
  



Simulation Analysis of a Ventilated Building Integrated-Photovoltaics

Air-Gap Duct System for Natural Ventilation of a Building

Arash Zarmehr, Joseph T.Kider Jr.
Institute for Simulation and Training, University of Central Florida, Orlando, Florida, U.S.A

Abstract

Building integrated photovoltaics (BIPV ) systems,
on the outer layer of a building structure, have the
ability to reduce electricity and materials costs, as
well as pollution, by taking advantage of renewable
energy sources (sunlight and wind), and changes
in thermal resistance. A BIPV ventilation air-gap
system and its effects on heating and cooling loads
are presented in this work.We use computational
fluid dynamics to model, analyze, and compare BIPV
air-gap and attic ventilation strategies and their
impact on building energy performance. Results
suggest an attic natural ventilation increase by 2.8
mph and a mean temperature decrease by 11.2%.
One novel contribution of this work includes a
BIPV attachment, that converts the air-gap into a
miniature wind catcher to further improve building
performance. This design improves upon tradi-
tional air-gap architectures by increasing natural
air velocity while decreasing photovoltaic and attic
temperatures.

Keywords: Building Integrated Photovoltaic, BIPV,
Air-Gap, Natural Ventilation, Computational Fluid
Dynamics

Introduction

Solar energy systems, like building integrated photo-
voltaics, provide renewable electrical power and re-
duce building energy consumption (Hestnes (1999);
Liu et al. (2011)). Devices directly affect their elec-
trical efficiency, durability, and heat transfer through
the building envelope (Wilson and Paul (2011);Wang
et al. (2006)). The cell temperature of photovoltaic is
roughly inversely proportional to their electrical effi-
ciency (Mirzaei and Carmeliet (2015)). High operat-
ing temperatures lead to a drop in the electrical con-
version efficiency at a rate of 0.5% per 4.5◦C. Dur-
ing the summer months, the cell temperature could
reach 70◦C and will lead to a reduction of conversion
efficiency by ≈ 22.5% from standard test conditions
(Biwole et al. (2013)). Therefore, the investigation of
increasing efficiency of BIPV by lowering PV panel

operating temperature is important with respect to
boosting the market implementation of solar energy
systems by optimizing kilowatt hours (kWh).

We propose a novel wind-catcher duct design to in-
crease the natural ventilation in the air-gap between
photovoltaics panels and the building. Since the duct
increases the airflow, the NV through the duct is then
used to reduce heating and cooling loads by venting
the air into the structure. Additionally, we assess
the effect that the air-gap wind-catcher module and
building venting strategy has on the BIPV perfor-
mance using computational fluid dynamics (CFD) to
find optimal conditions in terms of temperature and
airflow velocity.

Figure 1: Factors that affect BIPV systems: solar
radiation, PV panel size, design, placement, air-gap,
wind speed, and roof ventilation strategy.

There are numerous factors that can affect the elec-
trical efficiency of BIPV influence a building’s cool-
ing and heating loads (Figure 1). Some parameters
include: (1) the type of BIPV panels (thermal re-
sistance, efficiency, size, and shading); (2) environ-
mental conditions (solar power, air temperature, and
wind-speed); and (3) building architectural design
(placement of PV, the size of a ventilated air-gap be-
tween PV and the building, heat trapping, and NV
of the facade/building). In recent years, researchers
have studied how to control the PV cell tempera-
ture (Chong and Tan (2012); Emery et al. (1996);
Skoplaki and Palyvos (2009)). Successful temper-
ature control techniques include active cooling and
passive heat removal (Chong and Tan (2012)), vary-
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ing the size of air-gaps (Gan (2009)), and ventilated
roofs (Lee et al. (2009)). This work leverages the air-
gap between PV panels and the building as a wind
catcher to increase NV, decrease temperatures, and
ultimately reduce heating and cooling loads.

Only 15%-20% of solar radiation is converted to elec-
tricity by PV. The other staggering ≈ 80% of incom-
ing solar irradiation is absorbed by the PV panel and
transferred via thermal radiation and heat convec-
tion to nearby surfaces. This represents a heat load
that needs to be removed from the PV panel in order
to increase performance and decrease cooling-loads.
PV panels and their surrounding air is often mod-
eled and simulated as uniform temperatures. This ap-
proach neglects the airflow effects of fluid dynamics,
such as air-gap velocity/temperature and wind speed,
which can influence panel electrical efficiency and
heat transfer (Mirzaei and Carmeliet (2015); Goverde
et al. (2015, 2017)). One method to mitigate the so-
lar radiation load is directed natural ventilation un-
derneath the PV. NV decreases the temperature and
increases the performance of BIPV (Kalogirou et al.
(2014)). Previous research by Dolye et al.(Doyle et al.
(2015)) and Tzer-Ming et al. (Jeng et al. (2013))
demonstrated the numerical modeling of CFD and
thermal heat transfer phenomena on PV.

We demonstrate significant energy and cost savings
by integrating sustainable resources (NV ) and state-
of-the-art renewable technologies (BIPV ) into one
combined novel wind-catcher duct system. Different
parametric designs of the air-gap between the build-
ing and PV panel (Section 2.2 )are modeled (Sec-
tion 2.3 ) and simulated (Section 3 ). Relatively little
research has been published on utilizing BIPV air-
gap ventilation into attic spaces (Zarmehr and Kider
(2018)). Well designed and ventilated roofs reduce
the thermal loads imposed by to direct solar radiation
(Wang et al. (2006)). We propose a similar duct sys-
tem ventilation to increase the overall building energy
performance. Results are then analyzed to highlight
to most efficient design in terms of PV temperature
and attic airflow. (Section 4 ).

Methodology

From a building physics perspective, natural ventila-
tion influences two phenomena: airflow velocity and
temperature. NV allows cooling ventilation by low-
ering the functioning temperature and moving air in-
side a building. The methodology section is divided
into three subsections modeling and simulating the
NV. First, we present the architectural design con-
cept that we model and simulate. Second, we look at
various parametric designs that optimally refine our
BIPV design concept. Finally, we detail the numeri-
cal simulation model we use to simulate the NV.

Figure 2: Example of a single family home with attic
and BIPV.

Building Architectural Concept

Building account for a large portion of overall energy
and resource use, and have a major environmental im-
pact. Building architects and engineers are often mo-
tivated by low energy consumption and increased PV
efficiency during retrofit and construction projects
(Brinkworth et al. (2000)). Figure 2 (top) shows a
cross-section of the design used in this paper work.
We consider single family residential homes with at-
tics and PV modules (common throughout the United
States) (Figure 2 (bottom)). The BIPV modules are
standoff arrays mounted parallel to the roof’s pitch
which allows for an air-gap between the PV and the
roof. During the operation, PV modules absorb inci-
dent solar radiation to generate electricity. However,
most of the absorbed solar radiation is converted into
heat. This has two negative effects: (1) solar radia-
tion increases the module temperature reducing effi-
ciency, and (2) some of the solar radiation tempera-
ture increase is transferred to the building roof and
attic by natural convection and radiation.

Figure 3: PV air-gap duct and wind-catcher design.

Wind-Catcher Duct Architectural Concept

Figure 3 shows our novel wind-catcher duct architec-
tural concept and flow of the design. This design in-
creases the airflow under the PV panel through pres-
sure changes and wind. One of the most efficient ways
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to cool a PV system is to utilize natural ventilation
from the gap between PV and roof. Figure 4 shows
the detail of the vent structure design. Increasing
airflow helps to decrease the loss of efficiency for the
PV and building heat gain, especially during summer
(Ingersoll (1986)).

Figure 4: A detailed cutaway of the duct and wind-
catcher design under PV modules to increase airflow
velocity and circulate air into the attic below.

The goal of the air-gap duct system is to catch the
air from the outdoor environment and direct it into
the duct to ventilate the PV and into the attic of the
building. This natural airflow circulates hot trapped
air inside the attic. Normally this air is static or
utilizes mechanical systems. The duct provides NV
that increases velocity and allows the air to be pushed
into the attic. This concept is similar to a basic wind-
catcher system. A wind-catcher operates by adjust-
ing pressure differences and the buoyancy effect to
increase the flow of natural ventilation. Here Fig-
ure 4 shows the design for when the wind hits the
vents it directs the flow of air via pressure change
through the duct and into the two lower vents. This
flow from high-pressure to low-pressure regions forces
air through the duct and then down into the attic.
Wind-catchers also benefit from low maintenance due
to the lack of moving parts.

Parametric Duct Design

We utilize parametric design to explore alternative
parameters that assess the change in airflow veloc-
ity and temperature to aid in thermal management.
Airflow affects the heat transfer mechanisms from the
back surfaces of BIPV systems. PV works most ef-
ficiently at lower temperatures. High back surface
temperatures decrease voltage and may damage the
solar cells. The parametric design identifies the rel-
evant variables from the original system to improve
efficiency. The aim is to control the main parame-
ters of the convection heat transfer through natural

ventilation mechanisms, including the upstream air-
flow velocity and temperature. The Design models
are shown in Figure 5. Here we looked at six primary
designs and varied the length and height of the duct
to find optimal configurations. Different sub-designs
of the air-gap were initially analyzed to find which
were best to conduct a more detail analysis (Section
4).

Figure 5: Parametric designs tested: (A) PV panels
mounted directly to the roof which has no gap or venti-
lation; (B) Small air-gap; (C) An over-sized air-gap;
(D) An air-gap duct and exhaust into the attic; (E)
Air-gap and nozzled duct and exhaust into the attic;
and (F) This design is equipped with an air-gap and
wind-catcher and exhaust into the attic. Design (F)
has superior ventilation to reduce temperature and in-
crease natural ventilation airflow velocity.

There are two separate parametric designs. The first
design optimizes catching wind from outside and di-
recting it into the duct under PV. This design ana-
lyzes how to cool down the PV and increase PV effi-
ciency. The second design directs the airflow into the
attic and uses natural ventilation to cool down the at-
tic to decrease building heating load. The BIPV sys-
tem was installed on the roof of the simulated build-
ing model; the thickness of the PV panel is 38mm
and arranged parallel to the roof. An inclination of
45◦was selected for the roof slope. Figure 3 shows
the overall simulated model included PV duct de-
sign, wind-catcher design and inlet and outlet of air-
flow into and from the attic. In this case, the surface
of the panel was subject to a constant radiation inten-
sity of 1000 w/m2, the outdoor temperature of 32◦C
and different wind velocities. This analysis found a
specific wind-catcher duct design for the entrance of
air to maximize airflow and help to increase the ve-
locity into the duct.

Numerical Simulation Model

Computational fluid dynamics fundamental equa-
tions are continuity, momentum, and energy (An-
derson and Wendt (1995)). The Continuity equa-
tion formulates when a fluid is in motion, for the
chosen control volume, the mass must be conserved.
Momentum is an equation based on Newton’s sec-
ond law which states the net force in the fluid el-
ement equals its mass times the acceleration of the
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element. The Energy equation is obtained from the
first law of thermodynamics. Regarding energy equa-
tion, the rate of change of energy inside the fluid ele-
ment should be equal to the net flux of heat into the
element plus rate of working done on the element due
to body and surface forces.

This simulation analysis for our parametric design
solves the steady incompressible turbulent flow ac-
cording to the RANS approach, time-averaged conti-
nuity and Navier-Stokes equations with applying the
Boussinesq approximation. The RNG k − ε turbu-
lence model (Yakhot and Orszag (1986)) was used
for modeling the turbulent airflow and heat trans-
fer around the modules and building envelope inside
the attic (Evola and Popov (2006)). The transport
equations for turbulent kinetic energy k and turbu-
lent kinetic energy dissipation ε for this model are as
follows Equations 1 and 2.

∂

∂xj
(ρujk) − ∂

∂xj
[(µ+

µt
σk

)
∂k

∂xj
] = P +G− ρε (1)

∂
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∂

∂xj
[(µ+

µt
σε

)
∂ε
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] =
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ε

k
P − C2ρ

ε2

k

(2)

where P , G, C1RNG, and η are defined as:

P = (µ+ µt)
∂ui
∂uj

(
∂ui
∂uj

+
∂uj
∂ui

) (3)

G =
(µ+ µt)

σHe
βgk
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∂xk
(4)

C1RNG =
η(1 − η

η0
)

1 + β0η3
(5)

η = (
P

µ
)0.5

k

ε
(6)

Here η0 = 4.38, β0 = 0.015, C1 = 1.42, and C2 =
1.68. The turbulent viscosity (µt) is given by Equa-
tion 6 where Cµ = 0.085.

µt = Cµρ
k2

ε
(7)

The governing equations are discretized by hybrid dif-
ferentiation and utilize a second order linear upwind
difference scheme. This more accurately accounts for
flow direction. The mass equation utilizes central dif-
ferentiation and solved on a co-located grid. Rhie and
Chow’s algorithm avoids checker boarding due to the
co-located grid (Rhie and Chow (1983)). The simula-
tion leverages the Gauss-Seidel Point-Implicit method
(Batina (1993)) to solve the finite-volume linear sys-
tem, where the convergence criterion is based on the
reduction of all the scaled solution residuals.

The coupling between pressure and velocity distribu-
tion is obtained using SIMPLEC procedure. This
simulation included full buoyancy effect. The follow-
ing under-relaxation parameters are simulated:

Mass Momentum Enthalpy k ε
1.0 0.65 1.0 0.7 0.7

CFD simulation analysis (Guide (2005)) was used for
modeling of fluid flow and heat transfer around PV
modules mounted over or beside a building envelop
performed with ANSYS Fluent (Ansys (2019)).

The models were simulated under bright sunshine
when overheating would be most likely to occur. The
initial environmental conditions for the simulation in-
clude: the constant radiation intensity 1000 w/m2 at
the solar panel surface, the outdoor temperature of
32◦C, and eight different wind velocities applied at
the inlet (2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 mph)
with constant atmospheric pressure boundary condi-
tions at the inlet and outlet openings.

The simulation defined no-slip and zero velocity
boundary conditions at all walls, the ceiling, and the
attic floor. The mesh model utilized 2940 elements
and 33546 nodes to accurately resolve properties and
flow parameters. The heat source(s) (PV panel(s)),
was represented by a constant heat flux and used no-
slip and zero velocity boundary conditions. Conver-
gence criterion is based on the reduction of enthalpy
residual (units of W ) fell to a value below 1% of
the value of the heat input (W )) and all the scaled
solution residuals under the threshold of 10−3 was
achieved after approximately 6000 iterations.

Analysis & Results

A computational fluid dynamics simulation approach
simulates and investigates a complete understanding
of the complexities and characteristics of different
natural ventilation strategies on cooling the roof PV
arrays (duct under PV ) and the indoor environment
(attic). First, we show the analysis of airflow inside
the duct under the PV panels to show how this study
enhanced the velocity and temperature of airflow in-
side the duct. Second, we show an analysis of attic
demonstrating the velocity and temperature changes
inside the attic. Attic air is almost completely static
without this structure and design. The BIPV design
we proposed Figure 4 with the wind-catcher and duct
vents, delivers the most benefit from the airflow and
provides the highest overall energy savings.

PV Duct Analysis

We assess PV performance by the surface temper-
ature of the PV panels. The thermal performance
of the duct is characterized by the airflow pattern
and temperature distribution simulated by the CFD.
We assume the outdoor air temperature is 32◦C.
The heat flux for the PV roof is initially fixed at
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Figure 6: This visualization shows the PV air-gap duct analysis for our six parametric designs. The last
design (F) demonstrates the wind-catcher design with multiple attic vents performs the best. (Top) Air velocity
distribution contour under PV duct for six different designs. (Bottom) Air temperature distribution contour
under PV duct for six different designs.

1000w/m2. The location and size of the flow open-
ings used for the above comparison of computation
are denoted as parametric input design conditions.

To improve the design, we compare the output vari-
ables of the moving airflow’s temperature and veloc-
ity. Six different main parametric designs are simu-
lated and analyzed (Figure 6). Design A represents a
regular gap without natural ventilation into the attic.
Design B shows the narrowing nozzle in the entrance
with one regular exhaust into the attic. Design C
adds the wind-catcher design to the CFD duct sim-
ulation. Design D visualizes a regular air-gap with
two exhausts into the attic. Design E shows the nar-
rowing nozzle in the entrance with two attic exhausts.
Design F (the most optimal) shows the wind-catcher
design in the entrance and two regular exhausts into
the attic. These designs depend on airflow inlet and
outlet shape, location, and vent count.

For this duct study, the outside wind velocity (or ve-
locity inlet into the duct) is assumed to be 5 mph with
constant atmospheric pressure. The results show that
the incoming air enters into space horizontally and
the cool airflow soon moves towards the top due to
a buoyancy effect. The air near the PV arrays cools
more effectively with the wind-catcher duct design.
Figure 6 (Top) shows the predicted air temperature
distribution for all different designs in the duct under
the PV. The velocity range is set up between 0 to 20
mph. Comparison of velocity simulation shows that
Designs C & F provide the best result and higher av-
erage velocity in the duct. Figure 6 (Bottom) shows
that velocity in Designs C & F is 10 mph in the most
areas providing the highest airflow velocity speed -
with the Design F being the most optimal. This de-

sign will cause an increase in the airflow of 240% com-
pared to the velocity inlet which is only 5 mph.

Figure 6 (Top) shows the comparisons of temperature
distribution through the different designs. The sim-
ulation results found that total temperature in the
wind-catcher duct design is lower by 5◦. This cooler
temperature will cool the PV module, increasing the
overall efficiency (kWh). This airflow will enter the
attic to increase the overall building efficiency.

Figure 7: Mean air-temperature changes at the ex-
haust per different outside wind velocity.

This study chose the Design F for the PV air-gap
duct (Figure 4). Since this design performed the best.
We investigate the performance of the design under
different outdoor wind velocities. Figure 7 provides
the mean temperature change under different wind
velocities to show how the effect lowers the temper-
ature. Figure 9 graphs the velocity changes inside
the duct at the exhaust showing how it increases lin-
early with the change in wind velocity. As the results
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Figure 8: (Top) The air velocity and temperature distribution contours in the attic for three different designs.
The increased airflow under PV provides movement of the static air (No Vent/A) by venting the airflow from the
duct (B,C). (Bottom) The air temperature distribution in the attic showing air-gap venting lowers temperature.

show, if there is a windy day, wind-catcher duct per-
formance will increase.

Figure 9: Mean air-velocity changes at the exhaust
per different outside wind velocity.

Attic Analysis

We determine the performance of various designs of
air-gap duct types and vents to identify the best per-
formance of airflow in the indoor attic. Figure 10
shows the final design and the simulated airflow that
the wind-catcher duct ventilates into the attic. This
additional naturally ventilated airflow pushes hot
trapped air into the attic , which increase airflow
circulation and improves air quality. The circulated
cooler air has an effect of lessening the convection
heat transfer through the roof walls in the hot sum-
mer months.

We modeled and simulated three designs aimed to
help circulate the natural ventilation inside the attic
from the duct system. Figure 8 shows these three
designs. Design A simulates the attic without any
ventilation. In this design, the air inside the attic is
almost static. This is the base case to demonstrate
a clear indicator that the wind catcher duct-design
increases performance. Design B and C use natu-

Figure 10: (Top) Parametric design of attic inte-
grated with solar PV and natural ventilation duct.
(Bottom) visualization of increased airflow the design
ventilates into the attic.

ral ventilation from the duct. Design B has exhaust
vents in the bottom of the attic, where Design C is
equipped with an exhaust on the top of far side and
top of the roof.

Figure 8 visualizes the airflow velocity distribution
contours of the three designs. The naturally venti-
lated designs move the static air in the attic. Also,
Figure 8 shows the temperature distribution change
of the airflow of the designs. Here we see that Design
C has the greatest reduction in airflow temperature
and will have the greatest change in the conduction
of the attic surfaces saving the most overall energy.

Table 1 demonstrates the average attic’s airflow cir-
culation velocity. There is almost no circulate in De-
sign A, however Design B and C increase airflow with
natural ventilation. Design C is shown to have the
highest increase in velocity. Figure 11 then compares
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velocity changes for each design per different outdoor
conditions. It shows how Design C provides better
results with a windy day outside.

Table 1: Average airflow velocity per 5 mph outdoor
wind velocity weather conditions.

Design A Design B Design C
0.12 1.35 2.74

Figure 11: Attic airflow average circulation velocity
per different outdoor conditions.

Table 2: Average air temperature per 5 mph and 32◦C
of outdoor weather conditions.

Design A Design B Design C
42.22 36.20 35.50

Figure 12: Attic airflow mean temperature per differ-
ent outdoor conditions.

Table 2 demonstrates the average attic’s airflow tem-
perature. Design A is the hottest, however, Design B
and C increase airflow with natural ventilation and
thus decrease the air temperature. Design C is shown
to have the highest decrease in temperature. Figure
12 then graphs the changes in the mean total tem-
perature of the attic. These results demonstrate the
overall effect of the wind-catcher duct design by the

increase of airflow velocity and the decrease of the
total mean temperature inside the attic.

The results of the CFD simulation indicated that
without an adequate air-gap or wind-catcher duct
system, overheating of PV modules could occur un-
der hot temperatures and bright sunshine greatly re-
ducing the performance and durability. To reduce
the overheating potential of the PV panels, a mini-
mum air-gap of 0.12 m between mounting three mod-
ules continuously along the upward direction and the
building envelope would be required Gan (2009). The
wind-catcher duct nozzle system with two vents and
upper attic venting system (Design C ) is preferred,
the analysis of which indicates that natural ventila-
tion can be increased by 2.8 mph and that tempera-
ture is lowered by 11.2%.

Conclusion

This work introduced a low-cost and low-maintenance
wind-catcher duct system design addition to BIPV
systems in order to increase airflow velocity and de-
crease air temperature resulting in increased perfor-
mance for the PV system electricity output. In ad-
dition, we found that the design can further enhance
energy performance by utilizing the increased airflow
from the duct system to naturally ventilate an at-
tic. This system could easily be integrated into and
enhance many BIPV systems with little effort and
contains no mechanical parts, making the design a
low-cost, yet efficient addition.

CFD demonstrated the effect of the design of air-gap
duct between the PV modules and building envelope
on the PV performance and attic airflow circulation
in terms of temperature and velocity. This has a
positive impact on cell temperature, electrical perfor-
mance, duribility, attic air quality, air circulation, and
temperature. We showed the mean velocity in the air-
flow behind PV modules increased with using wind-
catcher nozzle design. This parametric study showed
the relation between the ventilated wind-catcher noz-
zle and the attic on building energy performance.

This work is the first step in establishing a better
overall BIPV system utilizing a novel wind-catcher
air-duct nozzle design and spawn avenues for future
studies. Future work includes calculating the exact
electrical output of the PV panels under the differ-
ent designs to determine the increase of the electrical
energy they produce. Additionally, we plan to use
the temperature and velocity plus the BIPV differ-
ences to calculate the overall energy performance of
a building with the new design. Additionally, real
building site locations will allow for detailed analysis
of the placement of the system, air-duct optimiza-
tion, vent size, and whole building simulation (wind
orientation) based on the weather conditions and lo-
cation of the site’s surroundings. Also, future work
can model and simulate the effect of the natural ven-
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tilation system on efficiency in the living area. Design
B vented the attic air down and potentially increased
airflow to other parts of the building. This would be
interesting to study and compare to Design C which
had a positive effect on the attic.
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Abstract 

Variable Air Volume (VAV) system has been widely used 

in commercial buildings, especially open-plan office 

buildings for years. Compared to private offices, open-

plan offices are faced with problems like too much 

interruptions and unsatisfactory shared indoor 

temperature and humidity. Since HVAC system aims to 

create comfortable thermal environment, it is of great 

importance to develop new paradigm of HVAC system 

framework so that everyone could work under their 

preferred thermal environment. Therefore, this paper aims 

to investigate thermal comfort improvements by 

operating an integrated personalized fan and VAV system 

in an open-plan office. A field study was conducted to 

develop adaptive thermal comfort models with Random 

forest (RF) classification, and CFD simulation with Ansys 

Icepak 18.2 was conducted to analyze the airflow patterns 

and thermal stratifications. As a result, the recall scores of 

the two thermal comfort models are 73.3% and 76.5%, 

respectively. Moreover, the simulation results have 

shown that the comfort level with the integrated system in 

the occupied zone is higher than that with the baseline as 

the temperature set-point increases.  

 

Introduction 

As defined by ANSI/ASHRAE 55 (2013) and ISO7730 

(2011), thermal comfort is the condition of mind that 

expresses satisfaction with the thermal environment and 

is assessed by subjective evaluation. Therefore, thermal 

comfort is the combined result of physical environment 

and psychological activities. In the course of thermal 

comfort theory, static thermal comfort and adaptive 

thermal comfort have become two main categories. In 

terms of static thermal comfort, predicted mean vote 

(PMV) developed by Fanger (1970) is the most widely 

accepted thermal model where seven variables are 

accepted to be the indicators of thermal comfort, which 

are indoor air temperature, indoor relative humidity, 

indoor air velocity, mean radiant temperature, clothing 

insulation, metabolic rate and external work (normally 0). 

However, PMV was derived from a strictly controlled 

climate chamber where the thermal environment was 

static and different from the real office environment. 

Moreover, since PMV predicts the average vote of a large 

group of people based on the seven-point thermal 

sensation scale, instead of individual thermal comfort, it 

only describes the overall thermal sensation of multiple 

occupants in a shared thermal environment.  

In order to overcome the disadvantages of static thermal 

comfort, adaptive thermal comfort aims to provide 

insights in highlighting individual thermal comfort, which 

increases opportunities for personal and responsive 

control, thermal comfort enhancement, energy 

consumption reduction and climatically responsive and 

environmentally responsible building design (De Dear et 

al., 1998). One of the milestone projects of adaptive 

thermal comfort is the ASHRAE RP-884 (De Dear et al., 

1998), which collected a total of 22000 sets of data from 

the real office environments across the world. This project 

has been widely used to investigate various adaptive 

thermal models, which have been integrated into 

personalized HVAC controls. 

In addition, in order to investigate advanced statistical 

methods to establish adaptive thermal comfort models, a 

recent research utilized the wearable device, which was a 

pair of eyeglass frame with infrared (IR) arrays to infer 

thermal comfort. The results demonstrated 82.8% of 

prediction accuracy for detecting uncomfortable 

conditions was obtained with hidden markov model 

(HMM) (Ghahramani et al., 2018). Moreover, Huang et 

al. (2015) also used wearable devices like wearable fitness 

trackers to measure physical movements, sweat level and 

skin temperature so as to infer individual thermal comfort 

with machine learning algorithms including random 

forest (RF) and support vector machine (SVM). In 

addition, Dai et al. (2017) implemented SVM to predict 

thermal demands using skin temperature collected from 

various locations with wearable sensors. As a result, SVM 

classifiers with linear kernel were preferred to Gaussian 

kernel, which achieved over 90% accuracy. Based on the 

literature review, classification models have performed so 

well as regression models.  

Among various HVAC systems optimizing energy 

performances and thermal comfort, task ambient 

conditioning (TAC) system is one of the most promising 

systems. TAC is defined as any space conditioning system 

that allows thermal conditions in small, localized zones to 

be individually controlled by building occupants, while 

still automatically maintaining acceptable environmental 

conditions in the ambient space of the building (Bauman 

et al., 1996). Due to the advantages of TAC that not only 
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takes individual thermal preferences into account but also 

maintains the overall acceptable thermal environment, 

TAC has become one of the popular lighting systems in 

open-plan office buildings. However, since HVAC 

system is more complicated to operate than lighting 

system due to many factors such as complex airflow 

patterns and thermal lag, TAC for HVAC system hasn’t 

been explored deeply, such as integrating the adaptive 

thermal models discussed above into TAC system so as to 

enhance operational performances. Zhang et al. (2010) 

developed a task-ambient system that heated only the feet 

and hands, and cooled only the hands and face, to provide 

comfort in a wide range of ambient environment. The 

simulated annual heating and cooling energy savings with 

such TAC system was as much as 40%. Moreover, 

personal comfort system (PCS) is an innovation to 

integrate low-energy PCS to create micro-zones into 

centralized HVAC operations in open plan office 

environments (Anderson et al., 2015; Bauman et al, 2017). 

The project has invented the low-energy heated and 

cooled chairs with wireless internet connectivity and 

tested the performances in different real office 

environments in California. The PCS adjusts the local 

thermal environment based on occupant behavioural 

models of changing heating/cooling set-points of the chair. 

Meanwhile, the whole framework gets further optimized 

with communication between chairs and the centralized 

HVAC system. In a case study, the test energy 

performances were optimized with the mode of widening 

HVAC temperature set-point dead band in conjunction 

with PCSs. In addition, among various TAC devices, fans 

are usually selected as personalized cooling systems 

under the framework of TAC due to their cost-

effectiveness and higher efficiency than existing air-

conditioning system such as VAV. The fans there offer a 

straight-forward, economic, independently operable and 

most importantly, effective technique to increase 

movement of air so as to ultimately improve thermal 

comfort in a room (Sekhar et al., 1995). This is generally 

done by removing/circulating the warm stratified air 

from/in the room. Moreover, when operated with AC 

system, the downwash propelled by foil (rotating) drives 

the supply air to blend with the existing air, mitigating the 

uncomfortable thermal stratification. Moreover, since 

widening the set-point dead band reduces sensible loads, 

the energy consumption can be reduced. Therefore, 

minimizing temperature difference between the indoor 

and outdoor air temperature or maximizing heating and 

cooling dead band reduces energy consumption while it 

may compromise occupant thermal comfort. Fortunately, 

since the personalized cooling system like fan provides 

additional cooling with little draft due to low air velocity. 

Hence, the integration of the centralized cooling system 

and the personalized system increases comfortable 

cooling set-point, thus achieving energy savings and 

maintaining thermal comfort.  

Besides empirical studies on TAC, a few studies have 

been conducted to analyse thermal comfort with 

simulation tools such as CFD. Sekhar et al. (2018) 

proposed an integrated personalized ventilation and local 

fan-induced active chilled beam (PV-ACB) air 

conditioning system and was analysed based on thermal 

stratification with CFD. The results have shown that the 

integrated system is able to achieve occupant thermal 

comfort. Moreover, (Makhoul et al., 2013) conducted a 

computational fluid dynamic (CFD) simulation to study 

the enhancement of ceiling mounted personalized 

ventilation (PV) when assisted by desktop fans to reduce 

thermal plume. Thermal comfort models were developed 

based on skin temperature, core temperature, as well as 

sensible and latent heat flux calculated with multi-

segmented bioheat model. The bioheat model were co-

simulated with CFD model by exchanging data related to 

thermal environment, including mean radiant temperature, 

air temperature and air velocity. The simulation results 

have shown the desk-mounted fans were able to reduce 

the convection plumes around the occupant and achieved 

energy saving by up to 13% when compared with 

conventional mixing ventilation systems. However, both 

of them used static PMV-PPD model, which may not be 

appropriate to evaluate thermal comfort in real office 

environment.  

In order to evaluate thermal comfort with more realistic 

thermal models and study the proposed integrated 

personalized cooling fan and VAV system in a more 

detailed way by including airflow pattern and thermal 

stratification analysis, this paper aims to not only simulate 

the TAC system with CFD but also apply the two adaptive 

thermal models based on an empirical study conducted in 

a regular open-plan office in Shanghai during cooling 

season into CFD simulation.  

Methods 

Development of adaptive thermal models 

Figure 1 shows the diagram of the integrative study with 

data collection in the test bed and CFD simulation. As 

shown in the figure, the individual thermal comfort 

models with RF were developed based on a six-day 

empirical study in an open-plan office in Shanghai with 

subtropical climate. Meanwhile, a CFD simulation with 

the same building configurations, including floorplan, 

envelopes, air-conditioning system as the test bed used in 

the empirical study, were conducted to analyse effects of 

increase temperature set-point dead band on individual 

thermal comfort with the individual thermal comfort 

models developed with the empirical study.  
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Figure 1: The diagram of the method for the proposed 

local fan-induced air-conditioning 

The thermal models were developed based on a six-day 

empirical study with two subjects (one male and one 

female) between 8/21/2018 and 8/27/2018 in Shanghai. 

The male subject had 171 instances while the female 

subject had 151 instances. The objective of the 

experiment is to predict thermal comfort of the two 

participants with the proposed TAC framework under 

different thermal environment conditions with accuracy 

as high as possible so that the two thermal models can be 

used for thermal comfort analysis with the data generated 

from CFD simulations. Based on the design of non-

intrusive sensing system and the literature review of 

principle factors to thermal comfort, the measured 

variables are shown in the following table. The interval of 

data collection is 5 minutes, which corresponds with the 

survey responses. In all, the whole components in the 

personalized cooling system includes the sensing system 

and an 8’ desktop mini-fan (the supply direction can be 

adjusted and the air velocity in the occupied zone can be 

controlled under 0.25 m/s). Even if the sensing system can 

also be used for the automatic personalized heating 

control, this study is only focused on cooling season. 

Figure 2 shows the current prototype of the personalized 

system. 

 

Figure 2: Proposed sensing system 

Table 1: Measured variables and the measurement tools 

Variable Measurement tool 

Local air temperature DHT22 

Local relative humidity DHT22 

Cheek skin temperature AMG8833 

 

Meanwhile, in order to create different thermal 

environment conditions, an overhead air conditioner was 

controlled in transient conditions where the air 

temperature increases from 24℃  to 30℃ . To avoid 

discomfort due to high air velocity and asymmetric 

radiation, the participants were asked to adjust locations 

of their working areas if they could feel draft and if they 

could feel the sunlit before measurement.  

Meanwhile, the participants were asked to provide 

feedback regarding their current thermal sensation with 7-

point sensation scale. Even if neutral sensation doesn’t 

necessary mean thermal comfort, it is a precondition of 

comfort (Auliciems et al. 1997). Therefore, the statement 

that occupant feels thermally comfortable when they feel 

the thermal environment is neutral was in this study, and 

7-point thermal sensation scale as classification labels 

was used, as shown in Table 2. 

Table 2: ASHRAE thermal sensation scale 

Value Meaning 

-3 very hot 

-2 hot 

-1 warm 

0 neutral 

1 cool 

2 cold 

3 very cold 

 

In addition, Figure 3 shows a participant status in the 

empirical study. The fan was located at the upper level in 

the occupied zone to avoid draft due to high air velocity. 

Before each session, the participants’ clothes were 

reported and heart rates were measured so as to ensure the 

participants have similar regular status in the beginning. 

 

Figure 3: Empirical study setup with a participant 

The development of thermal models follows the typical 

machine learning pipeline, as shown in Figure 4, 

including data pre-processing, model selection, model 

training, model testing and real-time prediction.  

 

Figure 4: Thermal comfort model pipeline 

The whole experimental data was split into two parts 

where 90% of data is the training set and 10% is the 
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testing data. In addition, before training the best model, 

the hyper-parameters used in the best models are selected 

with 5-fold cross-validation (Kohavi, 1995). 

In terms of classification algorithms, rather than neural 

network, Random forest (RF) was implemented for 

classification since RF can perform well with such 

relatively small-scale dataset. RF is an ensemble learning 

method that averages the accuracy of a number of 

decision trees constructed with bagging algorithm at 

training time. However, random forest adds additional 

randomness to the model that it looks for the most 

important feature among a random subset of features, 

random subset of the whole dataset instead of all features, 

and the whole dataset while splitting the node. Compared 

to building deep decision trees to train high-dimensional 

data, owing to randomness, RF builds several smaller 

trees, thus suffering less from overfitting (Liaw et al., 

2002). As a result, it generally can develop better model 

than decision trees. In this study, the number of trees and 

the tree depth were also selected with cross-validation. 

The prediction results of RF were compared with PMV 

model and all the thermal models were evaluated based 

on recall, precision and F1 scores (Goutte et al., 2005), 

which were calculated with the confusion matrix, as 

shown in Table 3. Recall score measures the ability of a 

model to find all correctly classified instances within a 

dataset, which is the ratio between true positives and all 

actual positives. Precision score describes how precise the 

model is out of the predicted results, which is the ratio 

between true positives and all predicted positives. Lastly, 

F1 score is used for seeking balance between recall and 

precision, which is harmonic mean of recall and precision. 

In terms of multi-label classification, the weighted 

average of recall, precision and F1 score are calculated, 

which might result in an F1 score that is not between 

recall and precision.  

Table 3: Confusion matrix 

 Predicted 

negative 

Predicted true 

Actual 

negative 

True negative True positive 

Actual positive False negative False positive 

 

Development of CFD simulation 

In order to analyse effects of the personalized cooling 

system on the overall indoor thermal environments and 

individual thermal comfort, a computational fluid 

dynamic (CFD) simulation was conducted to study 

thermal stratifications and adaptive thermal comfort with 

the proposed fan-induced air-conditioning system in an 

open-plan office. The simulation was conducted with 

Ansys Icepak 18.2, which provides powerful electronic 

cooling solutions utilizing ANSYS Fluent solver for 

thermal and fluid flow analyses. Figure 5 shows the 3D 

model where a fan is located on the plane above the 

occupant while the overall thermal environment was 

controlled with the supply air and the workstation is built 

in the middle of the room left side.  

 

 

Figure 5: Spot measurement mapping 

The model has the same setup as the empirical study with 

Icepak 18.2 where a fan is located on the plane above the 

occupant while the overall thermal environment was 

controlled with the supply, as shown in Figure 6.  

 

Figure 6: 3D simulation model 

Besides the setup of the integrated TAC system, the 

occupant was simulated as a solid heat source with a 

constant power of 100 W and supply terminal was 

simulated as a free opening with high supply velocity 

being 5 m/s. The occupied zone is defined as the region 

within an occupied space between 75 and 1800 mm above 

the floor and more than 600 mm from the walls or fixed 

air-conditioning equipment (Burroughs & Hansen, 2013). 

The relative humidity of the supply air was set as a 

constant value of 50%. In addition, the outdoor 

temperature was set to be 30℃ and one side of the room 

was simulated as a window with higher heat transfer 

coefficient than other stationary walls. Lastly, k-w SST 

turbulence model and Semi-Implicit Method for Pressure 

Linked Equations (SIMPLE) algorithm was used to solve 

Navier-Stokes equations. Meanwhile, the hexahedral 

unstructured mesh was generated. With the individual 

thermal comfort models developed with the empirical 

study and CFD simulation, the thermal comfort 

distribution with or without fans in the occupied zone can 

be simulated and compared. However, since the skin 

temperature cannot be simulated in the model and the 

relative humidity is set to be constant, the adaptive 

thermal comfort models used in the post-processing 

analysis of CFD simulation were developed with the air 

temperature only. 
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Results 

Results of adaptive thermal models 

Based on cross-validation, Table 5 shows the selected 

hyper-parameter values for RF. Moreover, PMV was used 

as a baseline. Several assumptions were set when 

calculating PMV. Firstly, since the mean radiant 

temperature (MRT) and indoor air velocity were not 

measured, MRT was approximated with indoor air 

temperature when calculating PMV and the indoor air 

velocity was calculated as 0.1 m/s. Moreover, since the 

subjects were seated during the whole study, the 

metabolic rate was calculated as 1 met. Lastly, clothing 

insulation was set as 0.5 and there was no external work. 

Table 5: Hyper-parameters used in RF 

Number of trees 100 

Tree depths 3 

 

Meanwhile, Table 6 and Table 7 show the performance 

benchmark among the thermal models of the two subjects 

trained by RF and PMV. As a result, for the female subject, 

recall, precision, and F1 scores of RF on test data are 

73.3%, 63.1%, and 67.8%, respectively. Compared to the 

baseline of PMV, RF have better performances. For the 

male subject, recall, precision and F1 scores of RF on test 

data are 76.5%, 76.3% and 74.4%, respectively, which 

also outperform the baseline.  

Table 6: Benchmark of the female thermal model 

 Recall Precision F1 

RF 73.3% 63.1% 67.8% 

PMV 33.3% 57.4% 33.4% 

 

Table 7: Benchmark of the male thermal model 

 Recall  Precision F1 

RF 76.5% 76.3% 74.4% 

PMV 23.5% 54.6% 21% 

 

Results of CFD simulation  

The following table shows the validation results of the 

simulation with the empirical study under the temperature 

set-point of 24℃ . The standard deviation of the spot 

measurement and the simulation result difference is 0.04, 

which indicates the simulated indoor thermal 

environment matches the empirical study and the thermal 

environment can be used to predict individual thermal 

comfort.  

Table 8: Validation of the air velocities[m/s] 

 1 2 3 4 5 6 7 8 9 

Actual 0.3 0.35 0.35 0.1 0.1 0.15 0.1 0.06 0.02 

Simulated 0.35 0.4 0.44 0.08 0.08 0.08 0.08 0.04 0.02 

 

Meanwhile, Figure 7-8 show the temperature contours 

with or without operation of the fan at the cross-section 

where the fan is located with the temperature set-point 

being 24℃, respectively. Meanwhile, Figure 9-10 show 

the temperature contours with or without operation of the 

fan at the same plan with the temperature set-point being 

30℃. As shown in the figure, when the air temperature 

set-point is 24℃, the supply air is induced in the occupied 

zone so as to overcome thermal plumes with the help of 

the fan. However, when the temperature set-point 

increases further, there is no difference in the air 

temperature distribution with or without fan. 

 

Figure 7: The operation with fan when set-point=24℃ 

    

Figure 8: The operation without fan when set-

point=24℃ 

 

Figure 9: The operation with fan when set-point=30℃ 
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Figure 10: The operation without fan when set-

point=30℃ 

In addition, Table 9 shows the proportion of area at the 

cross-section where the fan is located in the occupied zone 

(height is smaller than 0.8 m since the occupant is seated) 

where the thermal sensation prediction of each subject is 

neutral with or without the fan when the temperature set-

point increases from 24℃ to 30℃. As shown in the table, 

the proportion of neutral sensation of both subjects in the 

occupied zone with the proposed TAC system is no 

smaller than that without fans as temperature set-point 

increases until 28℃. This indicates the proposed system 

with fan operation indeed can increase set-point dead 

band while maintain individual thermal comfort. 

However, when the temperature set-point increases to 

30℃ , the advantage of fan operation no longer exists 

since there is no cool supply air in the occupied zone.  

Table 9: Benchmark of the proportion of the neutral 

sensation 

 24℃ 26℃ 28℃ 30℃ 

 m f m f m f m f 

with 92

% 

92

% 

83

% 

83

% 

75

% 

75%

% 

0

% 

0

% 

witho

ut 

92

% 

92

% 

83

% 

83

% 

45

% 

45 

% 

0

% 

0

% 

 

Moreover, Figure 11 shows the air temperature change 

along the fan axis from 0 to 1.5m height in the occupied 

zone, which further validates the advantage of using 

personalized fan. As shown in the figure, when the height 

is larger than 0.75 m and the temperature setpoint is no 

more than 28℃, under the same temperature setpoint, the 

air temperature without fan operation is higher than that 

with fan operation at the same height level. Moreover, the 

temperature difference with or without fan increases as 

the temperature setpoint increases. As a result, there is 

little difference with or without fan operation when the 

temperature setpoint increases to 30℃. In addition, the 

temperature differences between the ankle and neck under 

different temperature set-points are all less than 3℃ to 

ensure thermal comfort while the temperature gradient 

increases suddenly at the height of 0.8 m due to the heat 

generation of occupants.  

 

Figure 11: The air temperature change along the fan 

axis from 0 to 1.5m height in the occupied zone 

Conclusions 

This paper aims to investigate thermal comfort 

improvements by operating an integrated personalized fan 

and VAV system in an open-plan office. A field study was 

conducted to develop adaptive thermal comfort models 

with Random forest (RF) classification, and CFD 

simulation with Ansys Icepak 18.2 was conducted to 

analyze the airflow patterns and thermal stratifications 

with the proposed system. As a result, the recall scores of 

the two thermal comfort models are 73.3% and 76.5%, 

respectively. Moreover, the simulation results have 

shown that the comfort level with the proposed integrated 

system in the occupied zone is higher than that with the 

baseline as the temperature set-point increases. Therefore, 

the proposed integration of the personalized cooling 

system and the centralized VAV system turns out to 

achieve energy savings while maintain individual thermal 

comfort.  
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Abstract 
Natural wind movement is impeded by dense urban fabric 
in the tropics causing thermal discomfort and aggravating 
pollution. Research suggests that if average wind velocity 
cannot be improved, the airflow fluctuation frequency can 
be used as a control factor to provide a sensation of 
thermal cooling for pedestrians.  Therefore, this paper 
introduces the novel application of actuated travelling 
waves as a façade retrofit that alters the fluctuation 
frequency of the stagnant airflow field to improve thermal 
comfort. Nine case studies were simulated to optimise the 
movement of the travelling wave, and the best-case 
scenario had a 72% improvement in velocity values 
compared to the initial base case. This combination of 
travelling wave with 34.85m wavelength and wave speed 
of 18m/s produced a consistent air velocity with a targeted 
frequency of 0.22 Hz, which is within the range of 
frequencies that provides a strong cooling sensation.  

Introduction 

More than half of the world’s population lives in urban 
areas, and most rapidly developing megacities are in hot 
and humid tropical regions. Low diurnal temperature 
differences and high humidity make this type of climate 
one of the hardest to design passive environments 
(Givoni, 1998). Typically, under such climatic conditions, 
air movement is one of the most useful and inexpensive 
methods to achieve a comfortable environment. However, 
densely built urban areas impede urban ventilation which 
in turn causes thermal discomfort. There are no clear 
counter measures to this issue as its effects are not 
obviously dangerous like high wind speeds in cities (Kato 
and Hiyama, 2012).  This study presents a novel solution 
to this issue by retrofitting building facades and urban 
spaces with textured surfaces. Discrete surfaces are 
actuated in order to control airflow separation in bluff 
bodies (e.g. building structures) and pattern the air to 
provide cooling sensations and optimised thermal 
comfort. The project involved cross disciplinary work in 
building physics, fluid mechanics, and bio-inspired 
design. The first phase of the research (Yogiaman, 2018) 
studied the effects of various surface textures on airflow 
through a prototypical exterior urban canopy (Figure 1a). 
The canopy designs were evaluated in simulation and the 
most promising designs (Figure 1b) were prototyped and 
physically tested to confirm their performance. The 
results show that surface features can change the airflow 
patterns of velocity within and outside of the structure 

(Figure 1c, 1d). The airflow with consistent frequencies 
that falls within a range of frequencies tested through 
experimental results by other research groups (Tanabe 
and Kimura, 1994) provides stronger cooling sensations 
when average velocity of the regular flow cannot be 
increased. 

 

 
Figure 1: Urban canopy simulations: (a) Prototypical 

urban canopy outer design for the first phase of the 
research project. (b) Canopy internal designs with static 

wave-like surface textures designed to alter flow 
patterns. (c) Simulations of urban canopy designs with 
asymmetric wave-like internal surface textures show 

increased vorticity (rotational flow) and flow 
fluctuations. (d) The velocity over time at point A has 

similar airflow frequency (0.1hz) in the range shown to 
provide cooling sensations in experiments conducted by 

Tanabe and Kimura (1994). 

Building on this first step, this paper presents the second 
phase of the project where the effects of actuated surface 

(a) (b) 

(c) 

(d) 
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textures on airflow are studied. To do this, travelling 
waves of various parameters were simulated on a selected 
building façade in a congested urban area in the Central 
Business District (CBD) of Singapore. Computational 
fluid dynamic (CFD) simulations were performed to 
examine the resulting flow structures (i.e. airflow 
patterns). This paper focuses on the discussion of CFD 
simulations to demonstrate that specific travelling waves 
moving along a building façade can change airflow 
frequency as well as improve overall wind speed in an 
urban context. 

State of the art  
Thermal comfort studies have been a prevalent area of 
research in the past decades, and a rich body of research 
exists that examines the effects of air movement on 
human comfort. Although mean velocity was considered 
the main parameter contributing to comfort, more recent 
studies indicate that turbulent intensity, air flow direction 
and fluctuation frequency are also important parameters 
for the perception of thermal comfort. Most experimental 
research in this area involves documenting subjective 
responses in a controlled climate chamber and comparing 
these responses against the PMV (predicted mean vote). 
PMV is the average response of a large number of people 
calculated using P O Fanger’s equation involving 6 
environmental and physiological parameters (Fanger, 
1972). Comparative studies of past experimental data 
indicate different preferences for air flow frequency in 
cold and warm climates. Experiment results for flow 
fluctuation frequency by Fanger and Pederson (1977) 
showed that maximum discomfort was experienced when 
air velocity fluctuated at 0.3-0.5 Hz in a temperature range 
of 20-26oC. However, in warm and humid conditions of 
30oC, a higher air velocity fluctuation of 0.2-2Hz is 
accepted and is expected as a cooling measure (Huang et 
al, 2012). Tanabe and Kimura (1994) conducted similar  

experiments in warm and humid conditions at a 
temperature range of 27-31oC. They looked at the 
different patterns of air flow over time and concluded that 
sine waves with cycles of 10, 30 and 60 seconds 
(0.0167,0.033 and 0.1Hz) produced significantly cooler 
thermal sensations. 

This was also confirmed by Zhou et al (2006) from 
experiments carried out with simulated natural flow and 
sinusoidal waves at cycles of 10 seconds. Figure 2 
illustrates a combined graph of airflow fluctuation 
experiment results in warm and humid climate conditions. 
This shows that although similar environmental input 
parameters like air velocity, operative temperature, and 
relative humidity produce almost similar PMV results, 
varying just the airflow pattern can strongly affect the 
subjective cooling sensation (TSV) of test subjects.  

Collectively, these studies indicate that specific airflow 
patterns with a particular dominant frequency distribution 
can improve thermal comfort in conditions where average 
airflow velocity is limited and cannot be increased. 
Currently, airflow fluctuation frequency is a criterion that 
remains unaccounted for in empirical models of thermal 
comfort. The comparative studies from past experiments 
suggest air flow patterns can be considered as another 
control factor to offset increased temperature in warm 
indoor environments and dense, stuffy outdoor 
environments. 

 

 

 

Figure 2: Summary of physiological experiment results: sinusoidal patterned flows provide higher subjective cooling 
sensations (based on Tanabe and Kimura, 1994). 
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Outdoor airflow research on an urban scale is currently 
limited to understanding airflow behaviour in existing 
urban environments or by manipulating different generic 
urban configurations for optimised natural ventilation for 
building, urban and pedestrian comfort. This is illustrated 
by Toparlar (2017) in an exhaustive review on the use of 
CFD for urban microclimate analysis. This review calls 
for changes in urban geometry and the inclusion of open 
spaces like courtyards and parks. These solutions may not 
be applicable to existing cityscapes such as old downtown 
areas. Hence, alternative novel methods are required to 
address urban ventilation. Dash et al (2017) studied the 
fluid dynamic effects of both static and moving surface 
features of an isolated bluff body to control air flow 
separation. The simulation results showed that active 
movements on the surface of the bluff body were able to 
create a turbulent boundary layer region which enabled 
drag reduction on the body by more than 40% and delayed 
air flow separation (similar to the well-known  

 

 

phenomenon of airflow around a golf ball) (Chear and 
Dol, 2015). 

Controlling the airflow field on an urban scale through the 
actuated movement of façade features has not been 
explored yet. If this technique of controlling air flow 
movement around bluff bodies (like a building) can be 
extrapolated to urban conditions, it would enable better 
airflow in congested urban spaces, facilitating the 
possibility of airflow patterning and improved pedestrian 
thermal comfort. Starting from this hypothesis, this study 
analyses the flows produced by simulating textures that 
replicate continuous moving sinusoidal waveforms on a 
building façade. To analyse the effective of the 
hypothesis, a test region shall be carefully selected and 
applied. Their ability to produce air flow patterns that 
improve thermal comfort are also investigated. 

 

Figure 3: Urban simulation details. Lau pa Sat, a high pedestrian traffic outdoors site in Singapore’s Central Business 
District (CBD) was selected to test the effects of active urban building facades on outdoors flows. 
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Methodology 
Site selection:  

Singapore, like other major cities in the tropics, faces the 
issue of high urban density and low horizontal wind 
speeds. This is especially true in the Central Business 
District (CBD) which consists of closely spaced high-rise 
buildings. A test area of 374,000 m2 from the CBD was 
modelled to understand the urban flow behaviour in such 
dense urban areas. 3D steady state CFD simulations 
(Figure 3) were done for all four prevailing wind 
directions of S, SE, N and NE as per BCA guidelines 
(2017) with the corresponding power law wind speed 
profile as input boundary conditions. Problem areas with 
stagnant air pockets throughout the site were identified for 
the four wind directions. Stagnant air velocity wake 
regions around Lau Pa Sat, a historic open-air market and 
food centre featuring heavy crowds and pedestrian 
movement, were a common flow feature in all four cases. 
The research then focused on mitigating this specific 
problem region. The south wind direction was chosen as 
the base case as it represented the largest area of wake 
amongst all the 4 cases. The urban context was therefore 
narrowed down to Lau Pa Sat and its surroundings as the 
test region.  

Lau Pa Sat is a one-storey octagonal structure that is 
surrounded by high rise buildings that block most of the 
airflow movement in and around it for all prevailing wind 
directions. Figure 3a shows the final area with the 
minimum surrounding urban context required to maintain 
the original flow field. 2D transient simulations were 
carried out for this new model with wind from the south. 
Due to constraints in computational costs needed for 3D 
CFD, this project studied the factors by conducting 
simulations in 2D CFD and validating the results in scaled 
3D PIV experiments (Yogiaman et al., 2017). The 
previous phase of the research showed a clear correlation 
between surface texture and periodic air flow velocity 
fluctuations. This second phase builds on that concept as 
well as the research done by Dash et al (2017). Sinusoidal 
wavelike surface textures are actuated to create travelling 
waves. These waves are meant to be externally retrofitted 
to buildings to alter and pattern the airflow field around 
them.  

Analysing the base case (i.e. no façade actuation), it was 
observed that the areas A and B (dotted red ovals in Figure 
3a) are in the wake region. Adding travelling waves on 
buildings 2 and 3 would not be useful as the strong stream 
of air passing in front of them, marked as C, would negate 
the impact on the wake region B behind Lau Pa Sat 
(Figure 3a). Based on these observations, travelling waves 
were added on the façade of building 1 (yellow line in 
Figure 3a) to modify stagnant areas A and B. These 
travelling waves are actuated sinusoidal waves moving 
unidirectionally from right to left (i.e. towards the 
direction of building 3) and the shape and size of the 
travelling waves are governed by three input parameters: 
wave amplitude (A) fixed at 20cm, wavelength (λ), and 
wave speed (V) as shown in Figure 3c. For this study, 
wavelength (λ) and wave speed (V) were altered three 

times, resulting in 9 different test cases as shown in Table 
1. The wavelength is referenced to the length of the façade 
(L). 

Table 1- Combination of parameters for the resultant 9 
test cases highlighted in blue. 

Names of 
the test 
cases 

V = 18m/s V/3 = 6m/s V/7.5 = 
2.4m/s 

λ = L = 
34.85m 

Case 1 
(λ_18) 

Case 2 (λ_6) Case 3 
(λ_2.4) 

  
λ2 = L/2 = 
17.425m 

Case 4 
(λ2_18) 

Case 5 
(λ2_6) 

Case 6 
(λ2_2.4) 

λ8 = L/8 = 
4.35 m 

Case 7 
(λ8_18) 

Case 8 
(λ8_6) 

Case 9 
(λ8_2.4) 

Figure 3b shows the 6 check points selected in areas with 
high pedestrian and eatery activities for further analysis. 
The analysis will investigate the variation of velocity and 
airflow frequency over time at the check points and 
compare the results to the original base case scenario. 

Model setup: 

The computational domain is shown in Figure 4; the 
centre of Lau Pa Sat is placed at [0, 0] and L is the length 
of the façade (34.85m) of building 1. Two meshes are 
used for CFD, one Eulerian mesh for the flow field and 
one Lagrangian mesh for the surface of the building. The 
Eulerian mesh, which only contains rectangular cells, is 
generated using an in-house code and the Lagrangian 
mesh is obtained through the ANSYS Fluent software 
(2018). The grid size for the meshing is 1000 x 1224.  

 
Figure 4: Dimensions of the computational domain. 

The solver used for the Fluid Structure Interaction 
simulations is an immersed boundary-lattice Boltzmann 
flux solver (Wang et al, 2015). Laminar flow is studied in 
these simulations at a Reynold’s number of 1000. No-slip 
boundary conditions are applied on the sides. Inlet  

 

boundary condition is a free stream velocity of 1.2m/s 
which is the average wind speed experienced for south 
prevailing winds at a human height of 1.1m in Singapore. 
The outlet is zero gradient under natural condition. 
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The code has been verified and validated by simulating 
various test cases (Yan Wang, 2015). The resolution is 
sufficient for experimental grade simulation results 
according to our previous experience (Wang et al, 2016; 
Wang et al 2017).   

Results and Discussion 
Overall velocity flow field structures: Nine test cases 
detailed in Table 1 were simulated using the above-
mentioned method and model setup. Each test case took 
about 72 hours to be simulated. Out of the nine cases the 
paper will discuss three most significant ones: Case 1 
(λ_18), Case 7 (λ8_18) and Case 6 (λ2_2.4). These cases 
exhibit the largest variation in the flow field structures in 
comparison to the base case. Figure 5 illustrates the 
velocity and vorticity flow field structures for these 3 
cases in addition to the base case with no travelling wave 
retrofitted on the façade of building 1 (the base case 
highlights the standard case of wake regions A and B with 
very low wind speeds). In order to mitigate the wake 
region areas, travelling waves with varying wavelengths 
and wave speeds were set up to investigate for any 
improvement.  

 In Case 7, the travelling wave which has a wavelength of 
4.35m (L/8) moving at a speed of 18m/s generates the 
most significant identifiable air flow structure amongst all 
cases. The velocity builds on the existing strong air 
current in front of buildings 2 and 3 and then bifurcates 
when incident on building, thereby reducing the stagnant 
region ‘B’ behind Lau Pa Sat.  The vorticity plot 
highlights the Von Karman vortex wake formed (region 
C) with intense vortex shedding seen across the whole  
urban context as an impact of this specific wavelength and 
wave speed. The wake region ‘A’ in front of Lau Pa Sat 
is also greatly reduced.  

In Case 1, the travelling wave with a wavelength of 
34.85m (L) and moving at the speed of 18m/s results in a 

different impact on the velocity flow field. It does not 
strengthen the existing air flow in front of buildings 2 and 
3 (region C) but instead it periodically releases large 
vortices in the wake region A between building 1 and Lau 
Pa Sat. This allows for better air mixing, resulting in a 
much higher variation in wind speeds ranging from 0.7-
1.1m/s in the wake region A. Evidently, not all 
combination of traveling wave parameters had a positive 
impact on the flow field.  

Case 6 with a wavelength of 17.425m and lower wave 
speed of 2.4m/s increases the area of the wake regions A 
and B. There is no significant shedding of vortexes and 
hence no variation in the windspeed either. 

Therefore, Case 7 exhibits the largest variation in the flow 
field structures around Lau Pa Sat with the Von Karman 
vortex wake region. The next best scenario is case 1, 
which releases large slow shedding vortexes allowing 
dynamic variation in velocity. Case 6 was the worst-case 
scenario with larger stagnant zones formed around Lau Pa 
Sat when compared to the base case.  

Velocity and flow frequency analysis over time at 
selected check points:  Average velocity values and Fast 
Fourier Transform (FFT) analysis were carried out at the 
6 points selected in region A and B to better understand 
the impact that air flow structures have on velocity and 
frequency at localised points. These points indicate areas 
which experience high pedestrian and market related 
activity throughout the day. Finally, the study will focus 
on one selected point in each of the regions A and B 
around Lau Pa Sat to further analyse the air velocity over 
a period of 100 seconds.  

 

Figure 5: Velocity and vorticity plots for selected cases. 
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Figure 6: (a). Average velocity over time at selected 
points. (b) Fluctuation frequencies at selected points. 

Note that points 1-3 are in region A and points 4-6 are 
in region B 

1. Average velocity analysis for all cases: An overall 
increase of average wind speed over time can be seen 
for cases 1 and 7, at all points except 4 (only Case 7) 
and 5 where velocity values have slightly 
deteriorated from the base case. The highest wind 
speed of 3.5m/s is noted for Case 7 at point 1 (Figure 
6a). Case 6 has lower velocity values than the base 
case at all points except for point 2. This indicates 
that the actuated travelling waves require specific 
parameter values in order to perform better than the 
original condition. The windspeeds have increased 
by 72% and 182% on an average for cases 1 and 7 
respectively. 

2. FFT analysis for all cases:  Further analysis of the 
prominent frequencies obtained through FFT 
analysis show that the dominant frequency values at 
all points have improved from an average of 0.004Hz 
for the base case to a range of 0.02 - 0.2Hz for rest of 
the test cases.  Case 1 has the highest frequency 
(0.2Hz) which falls within the comfort experiments 
done by Fanger and Pederson (1977), followed by 
Case 7 with an overall FFT value of 0.07Hz which is 
also within the established range of 0.05-0.1 Hz by 
Tanabe and Kimura (Figure 6b). Case 6, although 
marginally better than the base case, has an average 
frequency of 0.02Hz which do not fall within the 
comfort range as per the literature review. 

 
Figure 7: Raw velocity magnitude data over time for 

base case and case 1 compared to the velocity of 
primary flow frequency obtained from FFT analysis for 

case 1. 

Case 1 is selected for further study, plotting the raw 
velocity magnitute over a period of 100 seconds. Figure 7 
illustrates that velocity values for Case 1 and base case 
through points 1 and 6 which are situated in front of the 
travelling wave mechanism and within wake region B 
respectively. It can be inferred that not only do the 
velocity values improve from the base case sitiuation at 
both the points, but the velocity magnitudes also fluctuate 
in a consistently patterned manner. This patterned air 
velocity yields a dominant frequency of 0.2 Hz for the 
point directly in front of the travelling wave mechanism 
and at the wake region B behind Lau Pa Sat. The 
consistency of the resultant frequencies at both regions is 
significant to our study, as it presents the possibility of 
creating a consistent desired air flow frequency over 
longer distances around or behind buildings and other 
urban structures. 

Case 6 performed poorly for all selected points with a 
10% decrease in velocity values and a frequency range 
beyond comfort limits. This indicates that the selection of 
appropriate values for wavelength and travelling wave 
speed is important. 

Conclusion 
The test results present the possibility of controlling 
resultant air velocity, magnitude and frequency over long 
distances in outdoor urban environment by retrofitting an 
active surface mechanism on building facades. The 
parameters of the traveling wave of this active surface 
mechanism can be tailored to produce air flow structures 
that effectively produce a resultant air velocity frequency 
within the range that induces a strong cooling sensation. 
From our study, Case 1, with a traveling wave of 0.2m 
amplitude, 34.85m wavelength and at a speed of 18m/s 

, Case 1 

, Case 1 
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produces the best overall results. It increased wind speed 
by an average of 72% compared to the base case and 
produced a consistent air flow frequency of 0.2Hz on five 
out of the six points sampled around Lau Pa Sat. Previous 
literature reviews were based on velocity values within 
the perceptible range for humans with values ranging 
greater than 0.5m/s. Although Point 6 in case 1 have been 
patterned to a desired frequency range, the velocity values 
are still in the imperceptible range (<0.5m/s). Thus, the 
effect of the improved frequency for point 6 is unknown.   

Future Works 
Validation of base case 

The research is currently working on a wind tunnel 
experiment of a 1:2000 scaled 3D model of the test site to 
validate the base case data. While keeping the Reynolds 
number consistent, the base case shall be verified through 
comparing the flow structure of the physical experiment 
and the CFD simulated base case.  

Fabrication of moving façade assembly 

Currently, the research has fabricated a 1:300 scale 
travelling wave vertical surface assembly that consist of 
an undulating cast silicon surface that moves along a 
motorised mechanical track. Subsequently, the research 
aims to test the travelling wave mechanism in a wind 
tunnel experiment to study the flow behaviour at and 
around the standing wave. The 1:300 scale model would 
be able to run standing wave parameters as seen in 
simulation cases 1, 6 and 7. The 1:300 scale moving 
mechanism is a step forward to develop and materialise a 
potential 1:1 scale moving façade assembly.  

Urban configuration study 

The research studied the site-specific remedy for urban 
ventilation around Lau Pa Sat, an area situated in closely 
spaced high-rise commercial buildings. This specific area 
of study is a prototypical urban configuration of an 85m 
by 85m city block with streets width ranging from 15m to 
20m. In the future, the research intends to review other 
typical urban configurations in Singapore that are poorly 
ventilated.  The planned study on the general urban 
conditions shall unveil the typical wake regions, and the 
subsequent airflow analysis shall help to identify 
guidelines for potential retrofits of an actuated surface 
mechanism on building surfaces to introduce pattern 
airflow. 

With the ability of controlling the resultant urban airflow 
parameters and coupled with actuated facade technology, 
this research projects future potential of a real-time 
control mechanism which responds to the changing 
ambient conditions to induce a fluctuating airflow 
optimised for the comfort of pedestrians. 
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Abstract 

This study numerically investigated the effect of staff 

number on the airborne bacteria contamination in two 

operating rooms (ORs) equipped respectively with 

conventional turbulent mixing and temperature-

controlled airflow (TcAF) ventilation. Four pre-defined 

cases with 3, 5, 7, and 9 surgical staff surrounding the 

operating table were simulated. The contamination level 

steadily rises as more persons were added in the 

turbulent mixing ventilation. The TcAF ventilation, 

however, is less sensitive to the number of persons in the 

OR and maintains a sufficiently low level of 

contamination in all cases. The mixing ventilation 

examined in this study is not recommended for 

infection-prone surgeries if more than 4-5 personnel 

should be present in the OR. In contrast, the OR with 

TcAF ventilation can accommodate at least 9 surgical 

professionals without comprising the ultraclean 

environment at the surgical site. Comparisons with the 

analytical estimation based on the perfect dilution model 

also indicate that TcAF uses airflow more efficiently 

than the mixing ventilation. 

Introduction 

Bacteria transported in the operating room (OR) air may 

enter the incision site during surgical procedures and 

cause surgical site infections (SSIs). SSIs remain one of 

the most challenging postoperative complications of 

health care, which contribute substantially to the 

increased morbidity, prolonged hospitalization, and 

repeat surgeries (de Lissovoy et al. 2009). Despite the 

complexity in the incidence of SSIs, it has been widely 

accepted that air with a low count of viable bacteria is 

one of the most crucial factors in minimizing the risk 

SSIs. In the landmark study of 8000 total hip and knee 

arthroplasties at 19 hospitals, Lidwell et al. (1982) found 

a significantly positive correlation between the count of 

viable bacteria in the air and the rate of deep infections. 

In a recent randomized, controlled study of infections 

during prosthesis implantations, Darouiche et al. (2017) 

confirmed that bacterial contamination of air at the 

incision site was a significant source of implant 

infections and reducing them also reduced the risk of 

infections.  

The surgical staff have been considered as the primary 

source of bacteria in the OR air (Hoffman et al. 2002). 

The majority of the bacteria dispersed in the OR air are 

carried on squamae, skin scales, or particles, shed from 

human body (Dankert, Zijlstra, and Lubberding 1979; 

Lidwell 1988; Woods et al. 1986). A person releases 

about 10 million particles per day during moderate 

physical activity, approximately 5-10% of which carry 

bacteria (Hambraeus 1988). These bacteria-carrying 

particles (BCPs) range 5–20 µm in size (Noble, Lidwell, 

and Kingston 1963), with an average aerodynamic 

diameter of 12 µm (Friberg et al. 1996; Noble 1975; 

Whyte 1986). Many previous research works including 

both experimental and numerical studies have indicated 

that the level of airborne BCPs is positively related to 

the number of persons present in the OR (Andersson et 

al. 2012; Darouiche et al. 2017; Sadrizadeh et al. 2014; 

Stocks et al. 2010, 2011). It is therefore straightforward 

to recommend a minimized surgical team to reduce the 

risk of infections. However, it can be difficult to reduce 

the staff number in certain surgical procedures. The 

orthopaedic OR personnel, for instance, consist typically 

of 5-9 medical professionals, with a median number of 7 

(Alsved et al. 2018). 

The prevention of SSIs has received considerable 

attention and various measures have been suggested. The 

interventions to reduce the infection risk include timely 

administration of appropriate preoperative antibiotics 

and a variety of preventive measures aiming at limiting 

the airborne bacteria concentration in the surgical 

environment. The rapid emergence of antibiotic-resistant 

bacteria nowadays has made the role of OR ventilation 

increasingly important. The ventilation system in the OR 

delivers filtered and particle-free air and attempts to 

maintain a hygienic and comfortable environment for 

both the patient and the OR personnel.  

Operating rooms used to be designed with conventional 

turbulent mixing ventilation. The principle of mixing 

ventilation is to dilute the airborne contamination in the 

OR using supply air. Specifically, filtered air is 

discharged into the room through ceiling- or wall-

mounted diffusers and the incoming clean air is mixed 

with contaminated air in the OR. In this way, when a 

sufficient amount of air is supplied, the airborne BCPs 

concentration can be reduced to a level that is associated 

with an acceptable risk of infections. Concerns about the 

efficiency of mixing ventilation have been raised, since 

the ventilation airflow with the dilution principle 

attempts to purify the environment of the entire OR 

including regions that are remote from the incision site. 

A more efficient strategy may be to focus on controlling 
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the airborne environment surrounding the incision site. 

A new air distribution scheme, known as temperature-

controlled airflow (TcAF), has recently been developed 

and evaluated (Alsved et al. 2018; Wang, Holmberg, and 

Sadrizadeh 2018). In a TcAF ventilated operating room, 

clean air is supplied at two different temperature levels. 

The cooled air is discharged to the surgical zone from 

central diffusers installed above the operating table, 

whereas the slightly warmer air is dispersed into the OR 

periphery through several ceiling-mounted surrounding 

diffusers. The supply temperatures are controlled to 

establish a 1.5-3.0 ℃ temperature gradient between the 

central supply air and the OR ambient. Due to the 

buoyancy effect, the central supply air is accelerated by 

gravity and falls down to the surgical critical zone with a 

strong momentum to wash BCPs away from the patient 

and sterile instrument. The surrounding supply air 

further dilutes the airborne BCPs contamination in the 

periphery of the OR.  

The surgical personnel have a two-fold effect on the 

contaminant distribution in an OR. First, the persons in 

the OR serve as an obstruction and heat source that alter 

the airflow. Second, the surgical staff contribute to the 

source of BCPs. Sadrizadeh et al. (2014) numerically 

investigated the influence of staff number on the BCPs 

distribution in a conventionally ventilated OR. A 

growing trend in airborne BCPs concentration was 

clearly observed as the number of personnel increases 

and the authors concluded that infection-prone 

procedures should not be performed in the examined OR 

with more than six personnel. 

To the best of our knowledge, however, no literature has 

indicated whether the increased number of personnel 

leads to rising BCPs concentration in a TcAF ventilated 

OR. Thus, this study aims to evaluate the performance of 

TcAF under the conditions of different staff number. 

Computational Fluid Dynamics (CFD) is employed to 

simulate pre-defined cases with different number of OR 

personnel. For the purpose of comparisons, the same 

cases are also simulated for the OR with mixing 

ventilation and results are compared.  

Methodology 

Physical model 

Two operating rooms in Helsingborg General Hospital 

(Helsingborg, Sweden) were chosen as the physical 

model for this study. The two ORs had identical 

dimensions 6.4 m × 6.3 m × 3 m (Length × Width × 

Height) but were equipped with mixing and TcAF 

ventilation respectively. The operating tables of size 2.0 

m (length) × 0.6 m (width) × 0.9 m (height) were located 

in the centre of the ORs. Two surgical lamps with a 

diameter of 0.6 m were positioned at a height of 1.8 m 

above the floor in either OR. The lamps were tilted at an 

angle illuminating the likely incision site. Two pieces of 

medical equipment, one with size 0.5 m × 0.3 m × 1.2 m 

(height) and the other 0.5 m × 0.3 m × 1.6 m (height), 

were also placed in the ORs. Four different cases with 3, 

5, 7, and 9 surgical staff surrounding the operating table 

respectively, were investigated. The patient was not 

 
Figure 1: Overview of the ORs and internal 

constellation (only the case with 9 persons was shown): 

a) OR with turbulent mixing ventilation; b) OR with 

temperature-controlled airflow (TcAF) ventilation.  

included in the analysis, as the purpose of the study was 

to investigate the influence of OR personnel on the risk 

of patient infections. Figure 1 presents the overview of 

the OR and the internal constellation of the persons and 

furnishings. Due to the limited space, only the case with 

9 persons was shown.  

In the first OR with conventional turbulent mixing 

ventilation (Figure 1-a), air was supplied from the 0.64 

m × 6.4 m diffuser located on the top of one sidewall. 

Room air was extracted through six 0.6 m × 0.3 m return 

vents on the opposite sidewall. The supply airflow rate 

was 3200 m3/h, corresponding to 26 air changes per hour 

(ACH). The second OR was ventilated by TcAF at an 

airflow rate of 5600 m3/h, or 46 ACH (Figure 1-b). The 

cooler air discharged into the OR through eight central 

diffusers evenly mounted on the ceiling, whereas slightly 

warmer air was released into the OR periphery through 

eight additional ceiling-mounted diffusers in parallel 

arrangement. The airflow rate was evenly distributed 

between the 16 diffusers. Air exits the OR through four 

0.56 m × 0.56 m low-level vents near the corner of the 

OR.  

Numerical modelling 

Each of the surgical staff contributed to a heat load of 

100 W (Chow, Lin, and Bai 2006). A heat flux of 300 

W/m2 was released from the exposed surfaces of the 

medical instrument. The surgical lamps emitted a heat 

flux of 320 W/m2 from their downward-pointing faces. 

Each person present in the OR was assumed to shed 

BCPs at a rate of 5 Colony Forming Unit (CFU)/s (SIS-
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TS 39 2015). The particle size was considered 12 µm, 

which is the average size of BCPs causing infections. 

The heat and contaminant sources were assumed 

uniform at their emitting surfaces.  

The supply temperature of the mixing ventilation was 

kept at 20 ℃. The temperature of the central supply air 

in the TcAF ventilation was set to 18 ℃ . A Fluent 

SCHEME script was written to control the supply 

temperature at the surrounding diffusers, which 

replicates the control strategy of the TcAF ventilation. 

The surrounding supply temperature was adjusted in 

such a way that the resultant OR ambient temperature 

measured at two sidewalls at 1.2 m above the floor was 

1.5 ℃ higher than the central supply air (i.e. 19.5 ℃).  

The airflow field and particle transport were simulated 

using the commercial CFD code ANSYS Fluent 18.2. 

The Realizable 𝑘 − 𝜀  model with Enhanced Wall 

Treatment (EWT) was employed to model the turbulent 

airflow. The Lagrangian Particle Tracking (LPT) 

approach with Discrete Random Walk (DRW) was 

adopted to resolve particle trajectories.  Unstructured 

tetrahedral meshes were used in the simulation. After 

gird convergence studies, depending on the cases, 

meshes with 4.5-4.8 million cells were found to give grid 

independent solutions. Thermal radiation was not 

modelled and thus all heat loads were taken as 

convective. Due to the large ventilation rate, this 

simplification will not significantly affect the results and 

conclusions. The validation of numerical models and 

details of boundary conditions can be found in our 

previous studies (e.g. Sadrizadeh et al. 2014; Wang, 

Holmberg and Sadrizadeh 2018).  

Both the airborne BCPs contamination (CFU/m3) and the 

surface BCPs contamination (CFU/m2h) were calculated, 

respectively corresponding to the active air sampling 

(AAS) and passive air sampling (PAS). Specifically, the 

airborne BCPs concentration was evaluated in the 0.4 m 

× 0.6 m × 0.4 m (height) sampling volume at the 

operating table, as shown in Figure 1. The BCPs 

sedimentation rate on the entire upper surface of the 

operating tables was taken as the surface contamination. 

An analytical formula, as given in Eq 1., is 

recommended by certain standards and design guidelines 

to estimate the contamination level in ORs (e.g. SIS-TS 

39 2015). Given the ventilation rate and the contaminant 

source strength per person, the airborne BCPs 

concentration is a linear function of the number of 

persons present in the OR  

𝑐 =
𝑛𝑝 × 𝑞𝑠

𝑄
 (1) 

where 𝑐  is the airborne BCPs concentration, 𝑛𝑝  is the 

number of OR personnel, 𝑞𝑠  is the source strength per 

person, and 𝑄 is the ventilation airflow rate. Caution is 

needed when interoperating the predictions by Eq.1, as it 

assumes perfect dilution with fully mixed airflow in the 

OR, which is never achieved in a real OR. In this study, 

we also compared the simulated airborne BCPs 

concentration with the estimation by Eq. 1.  

Results and discussions 

The ventilation performance in the two existing ORs is 

evaluated at the designed operating airflow rate of each 

ventilation system. The primary objective of the study is 

to investigate how increasing staff number influences the 

BCPs contamination under each ventilation. The analysis 

of the two ventilation systems under identical airflow 

rates can be found in our previous works (e.g. Wang, 

Holmberg, and Sadrizadeh 2018). 

Upon convergence, the surrounding supply temperature 

of the TcAF ventilation stabilised. Depending on the 

cases, this temperature varied from 19.2 ℃ to 20.2 ℃. 

As more staff were added in the OR, the supply 

temperature at the surrounding diffusers decreased. 

Figure 2 and Figure 3 present the velocity vectors at the 

vertical plane passing the centre of the operating table 

for the mixing and TcAF ventilation respectively (see 

Appendix). As seen in Figure 2, in the mixing ventilation 

the airflow is weak in the region remote from the supply 

diffuser and no clear flow patterns can be identified. In 

contrast, despite the obstruction imposed by the lamps, 

down-flow streams in the surgical zone can be clearly 

seen in Figure 3 presenting the TcAF ventilation. The 

downward airflow is expected to efficiently remove the 

BCPs from the surgical zone. The air speed is 

significantly reduced outside the surgical zone, which 

indicates a diluting airflow pattern in the periphery of the 

OR. Figure 2 and 3 demonstrates that both ventilation 

systems function as they are designed. The OR personnel 

alters the airflow in the mixing ventilation, as the 

exhibited airflow shows slight difference with the 

increased number of persons present. However, the 

difference between the four cases in the TcAF ventilation 

is nearly negligible. Consistent with previous studies 

(Wang, Sadrizadeh, and Holmberg 2018a; Wang, 

Sadrizadeh, and Holmberg 2018b), this finding adds to 

the evidence that TcAF is less sensitive to obstructions 

and heat loads in the surgical zone. 

The simulated airborne BCPs concentration at the 

operating table and the predicted BCPs concentration 

using Eq. 1 are plotted against staff number in Figure 4, 

whereas Figure 5 presents the simulated surface BCPs 

concentration. 

Not surprisingly, the contamination level steadily rises 

as the staff number increases in the OR with mixing 

ventilation. The surface contamination increases linearly, 

whereas the growth rate of the airborne contamination 

shows slight fluctuations between cases. This can be 

ascribed to the fact that the presence of persons slightly 

alters the local airflow filed and that the relative 

positioning of the persons to the sampling volume also 

has an effect on the results.  

In contrast, the TcAF ventilation maintains a sufficently 

low level of contamination regardless of the number of 

persons in the OR. The airborne BCPs concentration 

slightly fluctuates between 0.3-1.0 CFU/m3 at the 

operating table and surface contamination grows very 

slowly as the staff number increases. The highest level 

of surface contamination is found to be 60 CFU/m2 ∙ h 
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Figure 2: Velocity vector plot at the centre-plane of the operating table in the turbulent mixing ventilation: a) case with 

3 persons; b) case with 5 persons; c) case with 7 persons; d) case with 9 persons.  

 

 

Figure 3: Velocity vector plot at the centre-plane of the operating table in the temperature-controlled airflow (TcAF) 

ventilation: a) case with 3 persons; b) case with 5 persons; c) case with 7 persons; d) case with 9 persons.  
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in the case of 9 persons, whereas the maximum airborne 

BCPs concentration is achieved in the case of 7 persons. 

This inconsistency between airborne and surface 

contamination is also attributable to the local airflow 

field and the positioning of the persons. 

Eq. 1 overpredicts the airborne contamination in all 

cases for both mixing and TcAF ventilation, which 

reflects that the airflow is not fully mixed even in the 

mixing ventilation. It is noteworthy that simulated 

airborne BCPs concentration in the mixing ventilation 

converges to the analytical estimation as more persons 

are present in the OR. However, the departure of the 

contamination estimation by Eq. 1 from the simulation in 

the TcAF ventilated OR is expanded as the staff number 

increases. Despite the fact that TcAF operates at a higher 

airflow rate, it can be concluded that TcAF uses airflow 

more efficiently than the mixing ventilation that is based 

largely on the dilution principle. 

 

 

Figure 4: Simulated airborne BCPs contamination and 

comparison with the estimation by Eq.1 (horizontal dash 

line indicates the recommended limit for an ultraclean 

environment).  

 

 

Figure 5: Simulated surface BCPs contamination 

(horizontal dash line indicates the recommended limit 

for an ultraclean environment). 

Ultraclean air is required for infection-prone procedures, 

such as orthopaedic and implants surgeries, to minimize 

the risk of SSIs. The internationally accepted definition 

of ultraclean air is airborne BCPs concentration <
10 CFU/m3  (Whyte 1988). For the surface BCPs 

concentration, Friberge et al. (1999) proposed the 

corresponding limit of 350 CFU/m2 ∙ h. The two limit 

values are denoted by the horizontal dash lines in Figure 

4 and 5. Based on the simulation results, no more than 4-

5 personnel should be present in the OR with mixing 

ventilation. However, the TcAF ventilation is capable of 

maintaining an ultraclean environment at the surgical 

site even in the case of 9 persons surrounding the 

operating table. 

Our study has limitations. Many design variants exist for 

OR ventialtion and OR layouts also vary from surgery to 

surgery and from hospital to hospital. This may limit the 

generalizability of our findings. Furthermore, we did not 

evaluate the ventilation effectiveness in the ORs. In 

future studies, we will look into whether indoor air 

quality indicators, such as air exchange efficiency and 

contaminant removal effectiveness, are suitable for use 

in designing and commissioning OR ventilation systems. 

Conclusion 

This paper simulated the airflow field and bacteria-

carrying particles (BCPs) distribution in operating rooms 

using Computation Fluid Dynamics (CFD) and 

Lagrangian Particle Tracking (LPT). The effect of staff 

number on the airborne BCPs concentration and 

deposition was investigated in operating rooms with 

conventional turbulent mixing ventilation and a newly 

developed ventilation strategy – temperature-controlled 

(TcAF) airflow. Four cases were pre-defined with 3, 5, 7, 

and 9 surgical staff surrounding the operating table. The 

contamination level steadily rises as more personnel are 

added in the OR with mixing ventilation. The TcAF 

ventilation, however, maintains a sufficiently low level 

of contamination regardless of the number of persons in 

the OR. The OR with conventional mixing ventilation 

examined in this study is not recommended for 

infection-prone surgeries if more than 4-5 personnel are 

needed to be present in the OR. In contrast, the OR with 

TcAF ventilation can accommodate at least 9 surgical 

professionals without comprising the ultraclean 

environment at the surgical site. The simulation results 

were compared with the analytical estimation based on 

the perfect dilution model. The comparisons demonstrate 

that TcAF uses airflow more efficiently than mixing 

ventilation based on the dilution principle. 

The present study has limitations. The simulation was 

based on the specific designs of the turbulent mixing 

ventilation and TcAF. There exist many other design 

variants of both ventilation strategies. In addition, only 

particles of one size were simulated. Literature has 

shown that particles of different diameters behave 

differently in the air. Comprehensive research is needed 

in future work to provide deeper insight into the 

contaminant transport and distribution in operating 

rooms. 
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Abstract 
Following the success of the BIQ Haus in 2013, 
improved photobioreactors are being developed for 
façade integration in buildings. The photobioreactor 
façade panels, in which microalgae biomass is 
cultivated, also act as solar collectors and generate 
energy for building occupants. Algae growth in the 
reactors is positively influenced by high velocities which 
transport microalgae cells to the reactor surface more 
frequently, allowing them to absorb more sunlight and 
grow more efficiently. This paper outlines CFD flow 
simulations of the photobioreactors conducted to 
investigate the effects of different reactor geometries on 
flow velocities and improve the efficiency of next 
generation reactor panels. 
 
Introduction 
Background 
In 2013, the BIQ House was completed as part of the 
International Building Exhibition in Hamburg and 
became the first building in the world with 
photobioreactor elements on its façade (see figure 1). 

 
Figure 1: BIQ Haus in Hamburg with photobioreactor 

façade  
Based on the experience gained during the 
implementation and operation of the BIQ Haus, the 
photobioreactors (PBRs) are now being further 
developed as part of an interdisciplinary research project 
to design optimised façade panels with improved 
efficiency which are also thinner, lighter and easier to 
manufacture, operate and maintain. 

Photobioreactor Panels 
Microalgae are cultivated in the PBRs on the façade of 
the building and provide a continuous source of 
renewable biomass which can be used as a valuable 
nutrient for processing into food or biofuel. The growth 
of this biomass also binds carbon dioxide from the 
atmosphere, which makes the use of photobioreactors as 
a 'green' technology particularly attractive. In addition to 
the biomass production, the PBRs also act as solar 
thermal collectors for the building with the algae fluid as 
the carrier medium. In tandem with the photosynthetic 
growth processes of the microalgae occurring in the 
reactors, the thermal energy harvested in the PBRs from 
the sun is utilized by the building. The heat is transferred 
from the PBRs via heat exchangers to a heat pump to 
provide a portion of the energy required for hot water 
and heating. An automated process regularly harvests 
algae when the carrier medium has reached a certain 
biomass density. The entire system thus represents an 
active and dynamic façade that is strongly linked to the 
building's operation and energy supply. The PBR façade 
panels serve as a regenerative and decentralised energy 
system for the building. 
The photobioreactors are integrated into facade panels 
(elements) such that the microalgae are cultivated in a      
10 mm thin fluid layer between two panes of composite 
safety glass. To grow efficiently and effectively in the 
thin reactor layer, the microalgae cells should be 
transported away from the sun-irradiated surface 
frequently as they cannot absorb further photons for 20-
50 ms after light exposure. Thus a rapid and consistent 
transport of the microalgae to and from the irradiated 
surface is desirable and positive for efficient growth 
(Leupold et al. 2013). 
In order to increase the frequency with which microalgae 
cells move from the front to the back of the reactor, the 
algae fluid in each façade-integrated photobioreactor is 
mixed using periodic injections of compressed air (airlift 
mixing). The air is injected into the reactor bottom via 
valves in short, periodic intervals, so that the injection 
impulse and the rising air bubbles that form ensure 
sufficient circulation in the algae fluid and transverse 
transport of the algae cells. An image of an ascending air 
bubble in the reactor as a result of an air injection is 
shown in figure 2. 
The aim is to achieve the highest possible flow velocities 
in the algae fluid phase in the PBR with the lowest 
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possible energy consumption for the compressed air 
injections to increase the overall efficiency of the system 
(Hindersin et al., 2013), (Leupold et al. 2013). Dynamic 
flow simulations are performed for various reactor 
designs to assess the magnitude of the fluid velocities 
during operation with the goal of identifying a reactor 
design that favours higher flow velocities as well as a 
high static robustness while remaining simple and 
relatively light. 

 
Figure 2: Airlift bubble rising in channel of reactor 

prototype  
 
Concept 
The algae need solar radiation and carbon dioxide to 
grow during the photosynthetic process. In order to 
achieve higher yields and accelerate the growth rate, the 
microalgae also need a certain amount of mixing to 
ensure better light distribution of the incident radiation 
to the individual algae cells in the reactor (Hindersin et 
al., 2013), (Leupold et al. 2013). 
This airlift mixing in the reactor (see overview in figure 
3), ensures that velocities in the algae fluid remain as 
high as possible. In addition, the rising air bubbles elicit 
further movement of the algae fluid medium in the 
reactor. The entire system represents a two-phase 
mixture of air and algae fluid with strongly transient 
characteristics, which is modelled with the help of three-
dimensional CFD simulations. 
Figure 3 shows a schematic of the reactor model with the 
operation cycles for the airlift injections. In order to keep 
the energy required for airlift mixing low and to protect 
the reactor from excessive pressure fluctuations, air is 
injected into only two of the four reactor channels during 
each airlift cycle. The airlift is executed in alternate 
cycles for the channels 1+3 and 2+4 according to the 
specified interval duration of the air injection (see figure 
3). 
During each airlift cycle 500 cm³ of compressed air is 
injected into 2 of the 4 channels for 0.5 seconds through 

a valve at the bottom of the reactor. An airlift in the 
system occurs every 4 seconds so that each channel 
receives an injection of air every 8 seconds (see figure 
3). The air pumped into to the reactor rises and escapes 
through small openings in the top of the reactor. 

 
Figure 3: Airlift injection cycles in the photobioreactor 

 
Methods 
The CFD software OpenFOAM is used to simulate the 
flow in selected reactor variants (Greenshields 2014), 
(Greenshields 2015). The evaluation of the simulation 
results is performed with the data visualization software 
Paraview as well as Excel and Python for data analysis. 
Prior to simulation, a detailed review of relevant 
literature on the modelling of two-phase flows in 
reactors and bubble columns was carried out. See Becker 
et al. 1999, Clift et al. 1978, Hill 1998, Marschall 2011, 
Ratkovich 2009, Rusche 2002, Wang 2015 and 
Ziegenhein et al. 2014. 
The PBR, which is integrated into a façade element 
panel, has a fixed height of 3.00 m and a fixed width of 
1.35 m. The depth of the reactor (between the glass 
panes) filled with algae fluid is 10 mm and the reactor is 
filled to       2.80 m. While the external dimensions of the 
reactor are determined by the dimensions of the facade 
element and as such fixed, the length and width of the 
necessary structural support elements in the reactor, the 
so-called 'dividers', are variable. The integration of the 
dividers into the reactor design results in four channels, 
each approximately 32 cm wide. 
As the goal of the analysis is to investigate the velocities 
in the entire reactor with reasonable calculation times, 
the Euler-Euler approach (Volume-of-Fluid method, 
VoF) is utilized. A more precise method of modelling 
the two-phase dynamics in the reactor would have meant 
a much greater modelling effort and longer computation 
times, which would have meant limiting the 
investigation to only a section of the reactor. 
With the Euler-Euler method each phase (here air and 
algae fluid) is assumed to be continuous and is modeled 
by averaged conservation equations. In the process of the 
mathematical averaging, the phase fraction is defined 
which represents the probability that each phase can be 
found in any cell in the mesh at a certain time (Hill 
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1998), (Rusche 2002). The VoF method integrates a 
coupling between the phases in both directions and is a 
standard approach for the industrial simulation of two-
phase flows, especially for higher phase fractions 
(Rusche 2002). 
Within the context of the transient CFD simulations, the 
algae fluid phase is modelled in a simplified fashion and 
assumed to have the physical characteristics of water, 
since the microalgae have a negligible influence on the 
flow properties of the fluid with the normal algae 
concentrations occurring during growth in the reactor 
(Hindersin et al. 2013), (Leupold et al. 2013). In the case 
that the algae concentration in the system would become 
high enough to significantly increase fluid viscosity, it 
would also become a problem for the circulation pumps 
in the system (that transport the algae fluid between the 
PBRs and the heat exchangers in the building). Regular 
harvesting of the microalgae prevents this and ensures 
that the viscosity of the algae fluid remains practically 
the same as that of water. 
In addition, the small volume flow of the CO2 supplied 
into the reactor (to allow for algae photosynthesis) and 
the inflow and outflow of the algae fluid into the heat 
exchanger are not taken into account because the 
resulting velocities are about an order of magnitude 
smaller than the velocity gradients generated by the 
airlift injections. 
It should be emphasized that the aim of this investigation 
is to compare different reactor geometries with regard to 
the magnitudes and variances of the flow velocities in 
the reactor. It is not the goal to simulate the two-phase 
flow characteristics as accurately as possible with a 
completely resolved phase boundary of the bubbles as 
they rise. 
The two-phase flow simulations are performed with the 
solver twoPhaseEulerFoam, which was developed for 
gas-liquid flows with disperse gas bubbles in a liquid 
(Greenshields 2015), (Marschall 2011). This solver uses 
the PIMPLE algorithm, which is a combination of the 
common algorithms SIMPLE (by Patankar) and PISO 
(by Issa) (Greenshields 2015), (Patankar 1980), (Issa 
1985). 
Structured calculation meshes of approx. 0.7 million 
cells per reactor are generated for the simulations using 
the OpenFOAM utility blockMesh. The reason for this 
comparatively small number of cells is the highly 
dynamic behavior of the flow. This results in the 
necessity of a very small time step in the transient 
simulations, which leads to a correspondingly long 
calculation times and requires a limitation of the mesh 
size. 
The simulations are carried out isothermally, as no large 
temperature gradients occur within the PBR during 
typical operation. The two fluids air and algae fluid are 
modelled as immiscible phases without any changes in 
chemical composition. The biological processes of the 
algae cells during growth are not modelled in the 
modelling and simulations. Thus, no reactions or phase 

interactions occur, except for impulse exchange or inter-
phase impulse transport. 
In order to determine the predominant flow regime 
(laminar/turbulent) in the reactor for the simulations, the 
two-phase Reynolds number ReUm (with Um signifying 
the average velocity between the two phases, see 
equation 1) is assessed and compared with empirical 
results in the literature. 
In equation 1, νm signifies the two-phase kinematic 
viscosity according to Dukler (see equation 2) and Dh the 
hydraulic diameter of the reactor channels (Dukler et al. 
1964). In equation 2 the kinematic viscosity of the 
respective phases is weighted by the corresponding mass 
fraction xi. 

m

mh
U

UD
m ν
=Re     (1) 

The reactor is filled to more than 90% of the volume 
with algae fluid (fill level 2.8 m with a reactor height of 
3.0 m), however the mass of the fluid is much greater 
than the air which means that the phase weighted two-
phase kinematic viscosity is then roughly equal to the 
kinematic viscosity of the algae fluid (modelled here as 
water). 

              gasgasliquidgasm xx ννν +−= )1(   (2) 

Assessing the experimental flow velocities in test 
reactors documented in Leupold et al. 2013, an average 
flow velocity of 0.2 m/s is assumed, which results (using 
equation 1) in a two-phase Reynold number of 3880. 
This value characterises the flow as being in the 
transition zone according to several authors (i.e. Clift et 
al. 1978, Ratkovich 2009, Wang 2015), however not yet 
fully turbulent. Experimental results recorded in the 
literature indicate a turbulent regime developing fully at 
two-phase Reynolds numbers of 4000-5000 (Clift et al. 
1978),  (Ratkovich 2009), (Wang 2015).  
In viscous liquids the kinetic energy can be completely 
dissipated by laminar viscous dissipation, while in a 
fluid with a slightly lower viscosity (such as water) the 
wake of a bubble can be stirred up while the flow regime 
still remains laminar (Rusche 2002). Bubble movements 
are often transient and very complex; fluctuations of the 
bubble movement in several directions are thus often 
also superimposed with changes of shape and 
oscillations (Rusche 2002). In this respect, irregular 
bubble movements can also occur at low flow velocities 
and in laminar flows or flows in the transition area. The 
dynamic bubble movements themselves can also cause 
small amounts of local flow agitation in the bubble wake 
in an otherwise laminar flow which is characterized as 
so-called ‘bubble-induced turbulence’ (Lance and 
Bataille 1991).  
Corresponding to these considerations and the two-phase 
Reynolds number calculation, the flow in the simulations 
is modelled with a laminar regime. 
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Results and Discussion 
In this section a selection of simulated reactor variants 
and their results are presented and discussed. An 
overview of the reactor variants presented can be found 
in Table 1. Images and characteristic details of each of 
the reactor variants are summarized in Table 2. Within 
the framework of the analysis of the results, plots of the 
averaged vertical velocities (over the reactor height) as 
well as transverse velocities over the reactor depth (the 
so-called 'horizontal velocities') over the height of the 
reactor are presented for each selected variant. Images of 
the simulation results are not used for the evaluation; 
however, two exemplary snapshots of the velocity and 
phase fraction for variant B are shown in figures 5 and 6 
to give an impression of the visual results. 
 

Table 1: Selection of reactor variants studied 

Variant Description 

Var A  Short channel dividers (2.0 m high) 

Var B Long channel dividers (2.6 m high) 

Var C No channel dividers (point supports 0.05 m high) 

Var D Long channel dividers with gap in the middle 

 

 
Figure 5: Air phase fraction in simulated reactor variant 

Var B one second after air injection 
 
Variant A 
Figure 7 shows the velocity plots of variant A averaged 
over time for an airlift injection cycle. A comparison of 
the velocity profiles and the simulation images shows 
that the bubbles rise faster in the central channels than in 
the side channels.  

 
Figure 6: Averaged fluid velocities across depth of 

reactor for variant Var A 
This behavior is due to the fact that the middle columns 
are each connected to two other channels via the 
connecting openings at the bottom of the reactor. This 
means that the algae fluid can flow faster from the 
adjacent channels than from the side channels, which 
each have only one adjacent channel. The facilitated 
flow of the algae fluid from the adjacent channels means 
that the displacement effect of the air bubbles occurs 
more quickly, meaning that they can also rise faster. This 
effect is particularly noticeable with the vertical 
velocities of the passive channels (channels without air 
injection during an airlift cycle) and in the top section of 
variant A. 

 
Figure 7: Fluid velocities in simulated reactor variant 

Var B one second after air injection 
 
Variant B 
Figure 8 shows the simulation results of variant B. The 
comparison of the velocity profiles over the reactor 
height doesn’t allow any clear qualitative conclusions 
with regard to the superiority of the simulation variants 
A and B, as the profiles are so similar. A more detailed 
assessment of the velocities in the reactor can be found 
in the statistical evaluation of all cells in Figure 11.  The 
reason for the small but significant statistical difference 
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in the velocities is the length of the dividers. Contrary to 
expectations that a large flow circulation in the top 
section of the reactor would have favourable effects on 
the flow velocities, the results of variant B show that the 
dividers also favour sustained velocity gradients in the 
upper half of the reactor stemming from the airlift 
injections. 

 
Figure 8: Averaged fluid velocities across depth of 

reactor for variant Var B 
Since the movement of the algae fluid is restricted by the 
dividers, the impulse of the compressed air injection and 
the associated fluid displacement by the air bubbles 
ensures a faster flow of the fluid particles in the reactor 
channels. This effect is particularly noticeable with the 
vertical velocities of the passive channels (channels 
without air injection during an airlift cycle) and in the 
top section of variant A. 
 

Variant C 
In contrast to variants A and B, variant C has no 
dividers; only 5 cm high point supports are used to brace 
the glass panels. The resulting reactor model therefore 
has no division into separate channels and the algae fluid 
can flow freely in the reactor.  

 
Figure 9: Averaged fluid velocities across depth of 

reactor for variant Var C 
The velocities of the variant C are somewhat lower (see 
figure 9), which can be seen from the comparison with 
variants A and B. As each of the air injections is 
distributed across the entire fluid volume of the PBR, the 
velocity gradients in the reactor in variant C are 
generally lower. Furthermore, there is no limitation of 
the flow by the dividers, which have the positive effect 
of concentrating and sustaining the fluid velocities for 
longer periods (as is strongly pronounced in variant B). 
Instead of higher velocities, however, the flow of variant 
C is characterized by more flow circulation and mixing.  

 

Table 2: Overview of simulation variants described  

Variant A B C D 

Image 

    

Number of channels 4 4 
4 air injection 

openings, 1 effective 
channel w/o dividers 

4 

Distance of reactor 
bottom to divider [m] 0.05 0.05 2.00 0.05 

Divider height [m] 2.0 2.6 0.05 2.6 

Divider gap - - - Middle of divider  
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Variant D 
The simulated velocities of variant D are presented in 
Figure 10. The velocity profiles clearly show that a 
trade-off in the magnitude of the velocities occurs in the 
upper half of the reactor due to the divider gaps.  
Due to the induction effect of existing velocity gradients 
of the adjacent channels, the air bubbles of the active 
channels (with air injection in that particular airlift 
cycle) are partly drawn into the passive channels 
(without air injection in that particular airlift cycle). The 
suction effect of the passive channels (particularly 
pronounced in the middle channels) causes an uneven 
flow through the upper channel halves. 

 
Figure 10: Averaged fluid velocities across depth of 

reactor for variant Var D 
 
Comparison of Variants 
In the final step of the analysis, all variants are 
statistically evaluated by combining and averaging all 
the values calculated in all cells over several time steps 
in order to obtain a simple comparison of the variants. 
As the transverse velocities over the reactor depth are of 
particular importance for the growth of the algae (see 
Concept section), a comparison of these velocities is of 
interest to determine the most suitable reactor geometry 
for promoting microalgae growth. 

 
Figure 11: Comparison of amount of reactor volume 
with average horizontal fluid velocities greater than       

1 cm/s across the reactor depth for simulated variants 
Figure 10 shows the results of the statistical analysis, 
which compares the mean volume fraction with 

transverse velocities greater than 1 cm/s. (The larger the 
volume with velocities > 1 cm/s, the more efficient the 
growth of the algae in the reactor). From the results of 
this analysis it can be concluded that variant B has the 
highest transverse velocities on average and is therefore 
selected as the preferred variant. 
Variant B also has the structural advantages of longer 
and continuous dividers. (The separators serve as 
supports for the glass surfaces which are exposed to 
strong pressure fluctuations when the compressed air is 
injected into the reactor). 
 
Model Validation 
During this study, a prototype of variant B was produced 
for test purposes, which was used for a rough model 
validation. Camera recordings of the algae fluid flow 
resulting from the air injection into the prototype 
(reactor variant B) were made and then divided into 
individual images. A finely divided optical grid raster is 
superimposed onto all the images so that the movements 
of the air bubbles and fluid particles can be tracked (see 
figure 12). 
 

 
Figure 12: Example still image from a flow recording 
with optical raster used to track bubbles and particles. 

By following small bubbles and particles in the flow, 
rough velocity profiles in the reactor can be determined. 
This approach neglects however the velocity gradients 
over the depth of the reactor and attempts rather to 
benchmark the velocities over the height and width. 
Collating the optically tracked velocities in the reactor 
prototype results in an estimation of the fluid velocities 
in the reactor channels, which can then be compared 
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with the transient output from the flow simulations. 
Approximate velocity profiles in the reactor at a height 
of approx. 1 m in the middle of channels 2 and 4 are 
compared with the calculated values from the 
simulations as shown in Figures 13 and 14. 
The tendency of the simulation results roughly follows 
the that of the data gathered from the optical 
measurements, however strong fluctuations in the 
absolute values are present with deviations of up to 
around 100% of the values studied, which can be due to 
the resolution of the mesh chosen as well as the size of 
the time steps (smaller more conservative time steps 
might be preferable in this case). Furthermore, the 
computation model used (VoF) to simulate the air phase 
without actually resolving the interface between fluid 
and gas likely also plays a significant role in the 
discrepancies observed. 

 
Figure 13: Comparison of simulation results of Var B 

(middle of channel 2) with optical camera measurements 
of algae fluid flow in reactor prototype 

 
Figure 14: Comparison of simulation results of Var B 

(middle of channel 4) with optical camera measurements 
of algae fluid flow in reactor prototype 

The goal of the simulation analysis is to however 
estimate which geometries are beneficial for the 
development of higher velocities in the reactor not to 
exactly predict the real velocities. As a result, the goal of 
this preliminary validation is to assess if the order of 
magnitude of the velocities being calculated in the 
reactor is reasonable. Fluctuations of +/- 100% in the 
absolute velocity measured are less critical if the overall 
tendency of the flow velocities in each of the channels is 
similar.  
As described in the Methods section on page 3, bubble 
movements are very dynamic and complex; this together 
with the local phenomenon of bubble-induced turbulence 
makes them challenging to model computationally even 

if one were to use a very fine grid with individually 
resolved bubbles. Such an approach is however currently 
still too computationally expensive to be feasible for use 
in computational design analysis. 
The estimation of average velocities is sufficient for this 
application and this first model validation indicates a 
satisfactory comparison against the simulation results for 
the purpose of this study. Nevertheless, it is clear from 
the deviations between the data sets that the agreement 
with experimental results could be improved. For this 
reason, more detailed stereo PIV measurements of the 
reactor prototype are planned in the future to better 
assess the three dimensional velocities in the reactor and 
further calibrate the computational model based on the 
results. 
The next steps in the research project encompass the 
further development and testing of the reactor as well as 
the determination of a suitable approach for PIV 
measurement of the entire PBR.  
 
Conclusion 
With the aid of flow simulations conducted with the 
CFD software OpenFOAM, different reactor variants are 
investigated with regard to their flow characteristics in 
order to select an improved reactor design for more 
efficient façade-integrated photobioreactors.  
Simulations of several variants are carried out in order to 
assess the flow behaviour in each simulation variant. The 
development of the velocity gradients over the reactor 
height as well as the numerical values of the cells in the 
reactor model are evaluated. Through variations of the 
height and characteristics of the dividers in the reactor 
(see summary in table 2), a PBR geometry is identified 
which favours the formation of high horizontal velocity 
gradients in the algae fluid phase and at the same time 
shows a robust static behaviour with regard to structural 
stresses and loads. 
A first model validation of velocities in a preliminary 
reactor prototype shows a satisfactory agreement 
between the calculated simulation values and the 
velocities in the reactor. 
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Abstract 

In response to global climate change, there is a strong 

urge for regulating the thermal performance and 

associated energy use in buildings. Typically, building 

performance assessments are carried out considering the 

influence of macro- environmental characteristics. 

 However, micro-environmental variables also modulate 

the convective and radiative thermodynamic exchanges 

significantly. This study aims to analyse the impact of 

location-specific urban developments on the ventilation 

availability and in turn the thermal and comfort 

performance.  For this purpose, a residential building 

located in Thiruvananthapuram, India (8.5N; 76.9E), is 

considered.  The city represents a warm humid climate. 

The residential building under consideration is 

predominantly operated in a free-running mode. 

 Thermal performance and comfort assessment of the 

building were carried out using Energy Plus tool.  The 

paper presents two different scenarios – (1) Assessment 

carried out using standard weather data of the city and 

(2) Assessment carried out using the micro-climate data. 

The micro-climate data for the building location are 

obtained from a detailed micro climate model developed 

using the Cradle-SC Stream simulation tool. The study 

compares the variations in ventilation availability and its 

resulting impact on building thermal performance and 

comfort.  

Introduction 

Buildings are one of the largest energy consumers in 

most countries. Energy demand for heating and cooling 

keeps growing day by day. Accurate energy assessments 

and predictions are prime objectives of energy modellers 

to ensure the risk on investments. Typically, building 

performance assessments are carried out considering the 

influence of macro-environmental characteristics. 

However, apart from these factors, micro-environmental 

variables significantly modulate the convective and 

radiative thermodynamic exchanges between the 

building and the surrounding environment.  

 Extensive review of literature details the impact of 

microclimatic variables on  indoor thermal comfort and 

energy use (Geros, Santamouris, Tsangrasoulis, & 

Guarracino, 1999; Pisello, Pignatta, Castaldo, & Cotana, 

2015; Santamouris et al., 2001; Vallati, De Lieto 

Vollaro, Golasi, Barchiesi, & Caranese, 2015). 

Alterations in urban microclimate occurs mainly due to 

urban built morphology, surface characteristics and 

anthropogenic heat (Dimoudi, Kantzioura, Zoras, Pallas, 

& Kosmopoulos, 2013). In the case of residential 

buildings, most of the cooling load originates from solar 

heat gains through the building envelope. Reduction of 

solar exposure on building envelope along with 

strategies for maximum utilization of wind flows to 

ventilate internal spaces will help to evacuate unwanted 

heat from the building and provide thermal comfort to 

the occupants. These objectives should be given due 

consideration while deciding on building massing and 

spatial configurations.  

The main differences between the urban and 

rural micro-climatic conditions that affect human 

comfort, result from differences in air temperatures and 

wind speeds. Knowledge of wind field characteristics, 

velocity and direction, as well as of the temperature 

distribution  inside street canyons are of vital importance 

for the sizing of openings in order to achieve the 

necessary airflow for cooling and air quality purposes 

(Georgakis & Santamouris, 2006). Driven by wind and 

buoyancy forces, natural ventilation has a great potential 

to offset energy consumption by mechanical ventilation 

systems (Aflaki, Mahyuddin, Al-Cheikh Mahmoud, & 

Baharum, 2015; Etheridge, 2015; Geros et al., 1999; 

Hughes, Chaudhry, & Ghani, 2011; Oropeza-Perez & 

Ostergaard, 2014; Oropeza-Perez & Østergaard, 2014; 

Simonson, 2005). Based on measurements in Singapore 

and Bangkok, increasing the air speed by 1m/s resulted 

in a cooling effect equivalent to lowering the 

temperature by more than 2°C (Givoni, 2009). The 

airflow within the urban canopy layer is a driving force 

for the indoor ventilation of urban buildings and transfer 

of heat in urban streets. Assessing the effects of urban 

geometry on the airflow is an important issue for urban 

planning and building design in order to plan a more 

comfortable and healthy city (Abd Razak, Hagishima, 

Ikegaya, & Tanimoto, 2013). Natural ventilation of 

buildings occurs due to wind forces and temperature 

difference between the indoor and outdoor environments 

or in combination of both. Natural ventilation of 

buildings located in urban canyons is severely reduced 

due to the significant decrease in the wind velocity 

inside the canyons. Design of urban buildings to improve 

natural ventilation potential should consider the 

appropriate wind data and not routine meteorological 

observations collected in open fields (Santamouris et al., 

2001). 

In response, this study focuses on influence of urban 

morphology on ventilation availability and building 

thermal and comfort performance. For this purpose, a 
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Figure 1:Year round wind Direction  and velocity variations of Thiruvananthapuram 

residential building located at Thiruvananthapuram, is 

considered. In urban areas the wind space is classified as 

urban boundary layer and urban canopy layer (Oke, 

1976). This study tries to find the variations in canopy 

layer’s wind velocity due to variations in urban 

morphology and its implications on the building comfort 

and thermal performance. The urban morphology is 

represented by L/H ratio, H/W ratio and wind incidence 

angle. The first section of the study highlights the impact 

of urban morphology on ventilation availability and 

subsequent section explains its impact on thermal and 

comfort performances. 

 

Objectives and Methodology 

The objective of the study is to find the impact of 

microclimate on ventilation availability and in turn 

building thermal and comfort performance. A 

representative residential building in a neighbourhood, 

which falls in LCZ-2 of Thiruvananthapuram, was 

chosen for the study. Micro-climate data of the 

neighbourhood are developed using the Cradle-SC 

Stream software tool. A parametric study using 

Response Surface Model is conducted to find the relative 

impact of urban morphological variables such as H/W 

ratio, L/H ratio and Wind incidence angle on ventilation 

availability. Thermal performance and comfort 

assessment of the building are carried out using Energy 

Plus for two different scenarios (1) an assessment carried 

out using standard weather data of the city and 

 (2) an assessment carried out using the micro-climate 

data (Variations in ventilation Availability). 

 Comparative study of the thermal performance 

assessment is carried out to establish the impact of 

microclimate on ventilation availability and indoor 

thermal comfort performance.  Fig. 2 outlines the 

methodology adopted for this study. The study deals 

with the variations in ventilation availability due to 

urban morphological variables such as L/H ratio, H/W 

ratio and wind incidence angle. Other causal parameters 

like Surface properties and Form of the building and the 

impact of urban 

 

 

 
Figure 2:Methodology Adopted 

 

morphological variables on other microclimatic variables 

like wind direction, solar irradiation and specular and 

diffuse reflections and temperature will require further 

study which shall be reported later. 

Location 

 The chosen area of study is in Thiruvananthapuram, 

India (8.5N; 76.9E) which falls in warm humid climate 

zone. As per the weather data, the predominant wind 

direction is from SW- NE. It is observed that minimum, 

average and the maximum wind velocities experienced 

in the study were 0 m/s, 4.5 m/s and 14 m/s 

respectively(Fig.1). The chosen neighbourhood is in 

LCZ-2. ‘Local Climate Zone(LCZ), is a land 

classification system developed by Stewart and Oke 

(Stewart & Oke, 2012), in which regions
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of uniform surface cover, structure, material and human 

activity that spans from hundreds of meters to several 

kilometres in horizontal scale” and are classified in 17 

classes with 10 classes built type and 7 natural types of 

land cover category. LCZ-2 is characterised by the 

properties listed in Table 1. 
Table 1:Properties of LCZ-2 

PROPERTIES  

Sky View Factor 0.3-0.6 

Canyon aspect ratio 0.75-2 

Mean building Height 10-25m 

Terrain Roughness class 6-7 

Building surface fraction 40-70% 

Impervious surface fraction 30-50% 

Pervious Surface Fraction <20% 

Surface Albedo 0.10-0.20 

Anthropogenic heat flux <75Wm-2 

 

Experimental Design 

Keeping every properties of LCZ-2 within the prescribed 

limits, a parametric analysis of urban morphological 

variable is carried out using Response Surface Method 

(RSM) to examine their impact on ventilation 

availability. Fifteen combinations of urban morphology, 

represented by L/H ratio (ranging from 0.5to 2), H/W 

ratio (ranging from 0.5 to 2) and wind incidence angle 

(00 to 900) were considered for the study (Fig 3,4). Each 

of the combination is simulated for minimum, average 

and maximum wind velocities (0.1 m/s, 4.5m/s and 

14m/s) which makes a total of 45 simulation cases. 

 

 

Figure 3:Schematic urban layout considered, with orientations 

and  wind incidence angles 

 

Figure 4:L-Length ,H-height and W- gap between the buildings 

CFD analysis was carried out for all the 45 combinations 

with the help of CFD tool Cradle SC-Stream- a 

commercial code for flow analysis. Flow analysis using 

standard k-eps turbulence model is carried out for a Day-

March 20 of typical year at 3pm. The data was generated 

at 1.5m X 1.5m grid interval. The ventilation availability 

of each combination was observed on all the four 

orientations at  heights 1.8m, 13m and 21m from   the

 ground level ( height of the building being 25m it 

constitutes low, middle and top level respectively). 

 

Figure 5:Ventilation Availability when H/W-O.5, L/H-2 

Ventilation availability is maximum when the H/W ratio 

is kept minimum and L/H ratio was maximum. Whereas, 

when H/W is increased and L/H decreased, the 

ventilation availability also decreased as shown in Fig.5 

and Fig.6. Similar scenario is observed when the input 

wind speed is varied between 0.1m/s, 4.5m/s and 14m/s. 

at 1.8m, 13m level and 21m level. 

 

Figure 6:Ventilation Availability when H/W -2,L/H-0.5 

Surface properties were kept constant for all the 

simulation runs. Due to the turbulence created by 

convection, at lower levels when solar exposure 

increases, wind speed increased. This will require further 

study which shall be reported later. Among the 15 

combinations analysed, the combination with H/W ratio 

0.5, L/H ratio 2 and wind incidence angle 450, had the 

maximum ventilation availability and the combination 

with H/W ratio 2, L/H ratio 0.5 and wind incidence 

angle 900 had the minimum ventilation availability. 

Thermal performance and comfort assessment were 

carried out for these two critical scenarios and compared 

with that of standard weather data. 

Result and Discussions 

Impact of Urban morphology on ventilation 

availability  

Statistical analysis is conducted to find the relative 

impact of L/H ratio, H/W ratio and wind incidence angle 

on ventilation availability at north, east, south and west 

side of the chosen building. 

 
Figure 7:correlation matrix of urban morphological variables 

and Ventilation Availability at different orientations 

                       It was observed that L/H ratio has 

negative correlation with wind velocity at all the sides, 

i.e, as the L/H increases ventilation availability 

decreases, whereas the ventilation availability increases 

with the increase of H/W ratio. In the analysis, wind 

incidence from west (00) to south (900) was only 

considered as wind behaviour will be similar in other 

quadrants as well. It was observed that in north and 

RUN L/H H/W
Incidence 

Angle
NORTH EAST SOUTH WEST

RUN 1 0.113 0.302 0.945 -0.688 0.834 -0.673 0.732

L/H 0.113 1 0 0 -0.083 -0.064 -0.238 -0.341

H/W 0.302 0 1 0 0.327 0.235 0.327 0.401

Incidence Angle 0.945 0 0 1 -0.828 0.809 -0.786 0.689

NORTH -0.688 -0.083 0.327 -0.828 1 -0.488 0.789 -0.468

EAST 0.834 -0.064 0.235 0.809 -0.488 1 -0.623 0.747

SOUTH -0.673 -0.238 0.327 -0.786 0.789 -0.623 1 -0.206

WEST 0.732 -0.341 0.401 0.689 -0.468 0.747 -0.206 1
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  south side as the wind incidence angle increase from 00 

to 900  the ventilation availability decreases and in east 

and west side as the wind velocity incidence angle 

increase from 00 to 900, the ventilation availability also 

increases as described in Fig.7. 

Table 2: Results of Statistical Analysis (A=L/H, 

B=H/W,C=Wind Incidence Angle) 

 

Side Regression Model R2 

NORTH 1.46+0.8079*B-2.05*C-

0.6425*BC+1.27*C2 

0.92 

EAST 2.35+2.08*C 0.71 

SOUTH 3.21+0.889*B-2.14*C 0.72 

WEST 3.39-0.8384*A+0.985*B+1.69*C 0.75 

 

H/W ratio 

At a height of 13m from ground level at north side for an 

incident wind velocity of 4.5m/s, it is found that 

quadratic model was more appropriate to fit the data 

(R2=0.92). The model shows that H/W ratio has 

considerable impact (p=0.0023) on ventilation 

availability. The H/W ratio shows positive correlation 

with the wind. In the eastern side, the model shows that 

H/W ratio is least contributing factor on ventilation 

availability. In southern side, H/W ratio shows positive 

correlation (p=0.052) with ventilation availability for 4.5 

m/s input wind velocity. The study showed similar 

results when 0.1m/s and 14m/s were given as input wind 

velocities. Similar characteristics where observed when 

the same analysis was conducted at 21m height from the 

ground level. 

In western side, as the H/W ratio increases the wind 

velocity also increases. At 13m and 21m height, for 

0.1m/s, 4.5m/s and 14 m/s input wind velocities, the 

impact on ventilation availability was found to be 

similar. At 1.8m height, only angle of incidence of wind 

had impact on ventilation availability; H/W and L/H did 

not show any significant impact. This is majorly due to 

the wind blocking. Fig.8 details the impact of H/W ratio 

on ventilation Availability at each side. In Eastern Side 

H/W ratio does not have a significant impact on 

ventilation availability. 

Wind incidence angle 

In northern side the quadratic model shows that 

incidence angle has significant impact (p=<0.0001), 

When the incidence angle is 900 , it receives the 

minimum wind velocity and at 00 it receives the 

maximum wind velocity. 

In eastern side, the data found to be best fitting in linear 

model. The ANOVA score for the model shows that  

 

H/W and L/H ratio are least contributing factors and the 

angle of wind incidence have significant impact 

(p=0.0003) on the ventilation availability. It is observed 

that when angle of incidence was 00 (west side), it 

received the minimum wind velocity and it increases as 

the angle increases towards 900 (south). The analysis 

showed similar results for input wind velocities 

0.1m/s,4.5m/s and 14m/s at 1.8m, 13m and 21m heights. 

In southern side, the results reflect that incidence angle 

has significant impact (p=0.0002) on the ventilation 

availability. When the incidence angle is 00 (west) it 

receives the max wind velocity and at 900 (south) it 

receives the least wind velocity. In western side the wind 

velocity also gets increased as the angle of incidence 

changes from 00 (west) to 900 (south).As it reduces the 

wind blocking caused by neighbouring blocks. Fig.9 

explains the relationship on wind incidence angle on 

ventilation Availability. It also shows the contribution of 

L/H on ventilation Availability on each side. 

                            

 

 

 

 

 

 

 

 

 

Figure 8: Ventilation Availability and H/W ratio relation observed on North, West and South side at 13m height 

       

Figure 9: Ventilation Availability and Wind Incidence Angle relation observed on North, East, South and West side at 13m height 
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Figure 10: Ventilation Availability and L/H ratio relation at 

1.8m height north  side 

Figure11:Ventilation Availability and L/H ratio relation at 

13m height west  side 

L/H ratio 

 

L/H ratio has least impact on ventilation availability in 

the northern side (p=0.358) at 13m height and 21m 

height Fig.10, whereas at 1.8m height from the ground 

level, it was observed that L/H ratio also influences the 

ventilation availability. This is due to the turbulance 

created by convection.This needs to be further studied by 

changing surface properties. 

 

 

 

 

 

 

 

 

In eastern side, the results indicate  L/H ratio to be  the 

least contributing factor. L/H ratio has least significance 

at southern side as well for input wind velocities of 

0.1m/s,4.5m/s and 14m/s at 1.8m and 13m, whereas at 

21m level it was seen that L/H ratio is negatively 

correlated to the wind velocity.  

 

 

 

 

 

 

 

 

 

In western side it was observed that the L/H and 

ventilation Availability are negatively correlated due to 

the wind blocking as shown in Fig 11. 

Impact of ventilation availability on thermal and 

comfort performance 

A three-bedroom residential building predominantly 

operating in a free-running mode is considered for 

thermal performance and comfort study. The assessment 

is carried out using the Energy Plus for a single day- 

March 20 of a typical year. The study considers two 

different scenarios – (1) An assessment carried out using 

standard weather data of the city and (2) An assessment 

carried out using the micro-climate data (data with least 

and maximum ventilation availability). Among the 15 

combinations analysed, the combination with H/W ratio 

0.5, L/H ratio 2 and wind incidence angle 450, has the 

maximum Ventilation Availability (referred as CASE-1) 

and the combination with H/W ratio 2, L/H ratio 0.5 and 

wind incidence angle 900 has the minimum ventilation 

availability (referred as CASE-2).  

 

 
Figure 12: Variations in ventilation availability between 

standard weather data and microclimate data 

The wind data of the standard weather file were replaced 

with that of these two critical scenarios for thermal 

performance and comfort assessment. Fig. 12 shows the 

difference in hourly ventilation availability on March-20 

among standard weather data, CASE-1 and CASE-2.   

 Thermal performance analysis results points towards the 

variation in the results between the two cases. Results 

obtained from standard epw weather data were found to 

be between the two extreme micro climatic condition 

cases. Inaccuracies in weather data can thus lead to 

errors in thermal gain calculations through the building 

envelope as shown in Fig.13. 

 

Figure 13: Variation in heat gain through envelop when 

standard weather data and microclimate data are used 

Air changes per hour by ventilation and infiltration are 

found to be affected by the ventilation potential as 

shown in Fig.14. Cumulatively CASE-1 gives more 

ventilation ac/h and shows more variation from the base 

case (covariance=2.97) owing to the large differences in 

the wind velocities. Lesser variation is observed between 

CASE-2 and the epw data (covariance=2.74) suggesting 

that epw weather data are more representative of weather 

with low wind speeds for the duration of analysis. 
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Figure 14:Variation in Total fresh air exchange  when 

standard weather data and microclimate data are used 

The thermal comfort assessment is carried out on the 

basis of PMV and TSI (Tropical Summer Index). 

𝑇𝑆𝐼 = 0.308𝑡𝑤 + 0.745𝑡𝑔 − 2.06√𝑉 + 0.841 

tw = wet bulb temperature in 0C 

tg= globe temperature in 0C 

V=air speed in m/s. 

 

Figure 15: Variation in  comfort performance when standard 

weather data and microclimate data are used 

The TSI values for CASE 1 were lower than the Base 

Case and CASE 2 for most of the time, showing a higher 

value of TSI and corresponding high comfort scenarios 

for case 1 with higher values of wind velocity as shown 

in Fig.15. 

 

Figure 16: Variation in PMV  when standard weather data and 

microclimate data are used 

Thermal comfort analysis conducted based on PMV 

comfort index also showed similar results as shown in 

Fig.16. In CASE 1, when the ventilation availability was 

maximum the comfort level of the occupants inside was 

maximum and in CASE-2 when the ventilation 

availability was minimum the comfort level also 

decreased. With the temperature level being constant and 

the ventilation availability increased, the comfort level 

of the occupants inside increases. 

Comparative study of both the cases shows that 

there is considerable variation in comfort and thermal 

performance when microclimatic data were used for 

simulation in place of standard epw weather data.  

Conclusion 

This study reveals the impact of different urban 

morphological variables on building microclimate. 

Among the variables assessed, H/W ratio has maximum 

impact on increasing the ventilation availability, 

followed by the wind incidence angle, when a 

neighbourhood of LCZ-2 is considered. The increase in 

ventilation availability resulted in improved thermal and 

comfort performance. Accurate micro-climate data can 

reduce building performance prediction errors and can 

act as an important variable for model calibration during 

the stages of building design and calibration. 

Results from the analysis highlights the variation in 

building performance characteristics when the impact of 

micro-climate variables are considered in analysis. 

Micro- climate data if used for building simulation, can 

provide more reliable energy predictions. Architects, 

designers and engineers can be greatly benefitted by this 

approach as more reliable assessment of building 

performance can be achieved. Future studies can further 

explore the impact of surface properties and solar 

radiation on building thermal and comfort performance.   
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Abstract

The importance of internal environmental condi-
tions in a wine cellar is well known and inves-
tigated. The process of wine preparation con-
sists in several steps, where temperature and hu-
midity play a fundamental role, since the qual-
ity of the final products is strongly affected by
constant and suitable environmental conditions.
However, various critical factors have emerged,
such as mold growth or wine losses, where ven-
tilation has proved to be insufficient or poorly de-
signed. Considering these, the addiction of a me-
chanical ventilation system, consisting in a per-
forated tube provided by a small fan, has been
considered to support the possible lack of natu-
ral ventilation. The comparison between the two
cellar configurations has been carried out through
CFD modeling of the indoor air and temperature
distributions in the room, in two different period
of the year when the natural ventilation is differ-
ently performed.

Introduction

Since the past centuries, the research has been de-
voted to the definition of ideal room conditions for
wine-aging process performed in wooden barrels.
In literature, on this topic, it is possible to assess
that the wine should be kept at a temperature
ranging from 9◦C to 20◦C Troost (1953) and Vogt
(1971) defined that an optimal thermal excursions
smaller than 6◦C and Togores (2003) considered
that the relative humidity should be higher than
70 %, in order to ensure a quality aging and to
prevent excessive wine loss due to evaporation.
The wine losses has been considered as a func-
tion of air temperature and humidity. Negrè and
Françot (1965) showed how high temperatures, as
for example 18◦C, and low relative humidity, 45%,
could affect wine conservation, with losses of 7:4%
in volume per year. Ruiz De Adana et al. (2005)
developed a mathematical model that correlates

wine losses to the ambient conditions, thus quan-
tifying how the air velocity, temperature and hu-
midity can have an effect on wine evaporation.
It is also suggested that low air velocity values
could prevent excessive wine losses. Another im-
portant and critical aspect is the mold and other
fungi formation, promoted by high level of rela-
tive humidity, which can contaminate and so af-
fect the wine quality or its properties (Simeray
et al., 2001). About the micro-climatic conditions
of conservation, Ocon et al. (2011) presented the
natural ventilation as an important factor to re-
duce the mold presence in the air, considering to
decrease consequently the possibility of mold pro-
liferation on the barrels. Despite this, in literature
there are not many studies about the ventilation
role in wine cellar indoor conditions. Moreover,
the ventilation optimal standards are not well de-
termined. In particular, Geyrhofer et al. (2011)
defined a range of air velocity between [0.3 0.4
m/s] reachable with a conventional natural venti-
lation system. However, these air velocity magni-
tudes characterize all wine cellars and can be con-
sidered insufficient based on the previous issues
presented. Due to these, could be useful to im-
prove the air velocity magnitude around barrels
in order to avoid mold formation but also with
magnitudes such as not to increase wine losses, in
specific limited to 1 m/s (Ruiz De Adana et al.,
2005). In spite of the significant role of ventilation
in the environmental condition in wine cellar, the
application of CFD for improving the ventilation
in this sector is really rare, compared to the green-
houses or livestock sectors. De Rosis et al. (2014)
performed a numerical study of air flows in a wine
aging-room, using a Lattice-Boltzamann method
with the aim of underlining how barrels are differ-
ently involved in air flows and consequently with
the aim of identifying the most emblematic points
for air velocity control. In this paper, CFD simu-
lations have been performed in order to evaluate
the different air and temperature distribution in-
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side a wine cellar, under two different ventilation
configurations. In particular, in one of the two
configuration has been added a mechanical venti-
lation system, previously designed and tested, to
support the usual ventilation system (Santolini,
2019). Moreover, the goal is to observe if this
mechanical system can lead to a more homoge-
neous indoor micro-climatic conditions and possi-
bly consider further improvements to obtain a well
distributed environment, through CFD modeling.

Material and Methods

The natural ventilation of a basement wine cel-
lar consists in general in inlets, like windows and
door, and outlets, such as one or more openings
in the walls. The ventilation is carried out by the
outside wind but also by the difference in temper-
ature between interior and exterior environment.
In this case, the case study presents a door, a win-
dow and three circular openings, as presented in
Figure 1.

Figure 1: A 3D model of the cellar, carried out
in AutoCAD, where are also showed the barrels
placed along the walls.

At this general configuration, the addiction of two
mechanical ventilation systems has been consid-
ered behind the barrels located in the area on the
side of the window. Similar systems are already
applied for the ventilation in non-residential build-
ings but rarely in agricultural ones (few applica-
tions in livestock). This system consists in a perfo-
rated and closed PVC tube of 120 mm of diameter
connected by a polystyrene junction to a PC fan
of 220 V, which blows the air through the pipe.
On the pipe, a line of 31 holes, equally spaced,
of 0.005 m of diameter has been created. This
system has been previously tested in terms of air
flow characteristics and its CFD model has been
validated by air velocity measurements. In fact, a
prototype of the system has been performed and

the air velocity profile and magnitude obtainable
have been tested and verified. In particular, the
the distance of investigation has been 40 cm from
the system (distance between the holes of the pipe
and the center of the barrels) and the target air
velocity have to be contained in the optimal range
of 0.4-1 m/s. The air velocity at this distance has
been detected around 0.5 m/s, within the defined
range, as shown in Figure 2. Furthermore, the 3D
CFD model of the wine cellar has been performed
and validated, as reported in the section below
(Santolini, 2019).

Figure 2: The velocity profile of the system and
the relative averaged velocity are presented.

In this work, two systems have been considered
placed in the wine cellar, behind part of the bar-
rels, with the orientation of the holes not horizon-
tal but oriented 45◦ one upwards and the other
downwards, as shown in Figure 4. The comparison
between the two configurations, without and with
system implementation, has been performed con-
sidering four different initial conditions and two
different ventilation set up, representative of two
different periods of the year: the spring and the
autumn. The environmental conditions for the
simulations have been defined considering the data
collected inside and outside the wine cellar dur-
ing a year (2013). The data related to April and
May have been used for the definition of the ini-
tial conditions of two cases for the spring season:
the average conditions based on whole data of the
two months and the extreme conditions, average
of the data registered on the hottest day of the
two months. Instead, the data of October and
November have been considered for the definition
of initial conditions of the autumn season’s cases:
the average conditions based on whole data of the
two months and the extreme conditions, average
of the data registered on the hottest day of the
two months. About the ventilation, these two
seasons present two different ventilation systems
and approaches. In spring the window is usually
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opened for the room ventilation, in order to have
one or two air changes per day. Instead in au-
tumn the window is rarely opened and the slight
necessary ventilation is considered performed by
means infiltration from the building envelope. In
fact, the autumn ventilation configuration consid-
ers a natural ventilation possible thanks to the
air passage through window and door frames, as
explained in the section below. These two dif-
ferent ventilation cases have been taking into ac-
count as representative of the two seasons. The 3D
CFD model of both cellar configurations has been
obtained through geometrical modeling by Auto-
CAD, meshing process by ICEM CFD and fluid-
dynamic simulation by Ansys Fluent Inc. More
detailed information about the modeling of these
cases have been presented in the following sec-
tions.

Grid convergence study

The definition of the suitable mesh for the simu-
lations has been obtained through a grid conver-
gence study. Considering the characteristics of the
geometry, unstructured meshes have been carried
out. In particular, five progressively finer meshes
have been prepared without supporting ventila-
tion systems, from 4e5 to 5.3e6 number of cells.

Table 1: Boundary condition of the CFD models.
Parts of domain Boundary conditions

Room walls Walls

Window Pressure-inlet or wall

Barrells Walls

Holes Pressure-outlets

Door Wall

Frame infiltration Velocity-inlet or Pressure-inlet

Pipe Wall

Pipe holes Interior

PC fan Fan

The simulations have been performed as a steady-
state calculation using the k-epsilon realizable,
as turbulence model, and the Boussinesq model,
in order to evaluate natural convection inside a
closed domain. The boundary conditions have
been defined as presented in Table 1. The air
velocity has been fixed at 0.1 m/s only for the
autumn cases, identifiable not only entering from
the window but also from the door, modeled as a
frame of 3 mm of width around the perimeter of
the openings. The other surfaces, wall and barrels,
have been modeled as walls.

The simulations have been performed with con-
vergence criteria based on absolute residuals and
the threshold for convergence has been set to 10−5

Table 2: Boundary condition of the CFD models.
Period Tin Tex vair

(K) (K) (m/s)

Spring (averaged) 288.66 287.2

Spring (extreme cond.) 291.66 301.66

Autumn (averaged) 290.66 283.4 0.1

Autumn (extreme cond.) 287.66 297.66 0.1

for continuity and 10−7 for all other parameters,
checking also the mass flow equilibrium. From the
results of each simulation, six different velocity
profiles have been chosen to calculate ‖L‖inf (eq.
1) (Santolini et al., 2018; Magnini et al., 2016). In
particular, three profiles have been considered at
first pipe level at distances of 18, 40, 98 cm from
the system. Other three profiles have been consid-
ered at the second pipe level at the same distances
selected for the first three points.

‖L‖∞ = max(|va − vb|) (1)

From the calculation of ‖L‖inf for each profile, be-
tween each mesh from the coarser to the finest, the
averaged values of the norm has been obtained,
as shown in Figure 3. The Figure 3 presents
a progressively stabilization of the values from
the ‖L‖inf calculated between the second and the
third mesh. In particular from this result, the
mesh characterized by 2.7e6 number of cells has
been chosen for the later simulations.

Figure 3: Comparison between results of the simu-
lation, through the calculation of the ‖L‖inf , from
the coarser mesh to the finest one.

Four different case studies have been investigated.
Considering the spring period, the configuration
without and with the mechanical ventilation sys-
tems have been simulated, such as the same for
the autumn period. In the spring cases, the win-
dow has been considered opened and the indoor
temperature has been defined as summarized in
Table 2. In the autumn simulations, the window
and door frame slots have been modeled as inte-
rior surfaces, which means open surfaces to the
air flow, less than 1 % of the entire surface. The
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initial conditions for the fan modeling have been
obtained from the PC fan’s data sheet: 45 Pa of
static pressure, 2450 rpm of velocity, 0.06 m of in-
ternal fan body and 0.125 m of external diameter.

Figure 4: Frontal view of the 3D model of wine
cellar, where the additional ventilation system are
present.

In all the simulations, the convergence criteria
have been maintained as the ones used for the con-
vergence study.

Model validation

The validation process has been conducted by the
comparison between the simulated results and the
collected data in controlled conditions inside the
wine cellar.

Figure 5: Velocity simulated profile is compared to
the air velocity data collected in several positions
at an height of 1.6 m.

In specific, during the measurements the window
and the door have been kept closed and the holes
opened. Moreover, a constant air velocity source
(a fan) has been placed at the door position at
1.20 m. In order to conduct the comparison, 70
measurements points have been identified. Sev-
eral velocity profiles at different heights have been
compared to the measured data, such as the profile
along the horizontal axis of the inlet along the cen-
tral longitudinal axis of the cellar at height of 1.60
m, shown in Figure 5. The comparison between
data shows a good agreement between measured
and simulated velocities. Based on the 70 mea-
surement points to validate the model, the overall
RMSE has been evaluated of only 0.29 m/s.

Results and Discussion

The air velocity and the temperature distributions
have been qualitatively analyzed. In particular,
based on the period taken into account, the con-
figuration without and with additional ventilation
systems have been compared. The two horizon-
tal planes at level of the ventilation pipes, at 0.8
m and 1.6 m of height from the floor, have been
considered for the analysis. In Figure 6 and Fig-
ure 7, the air flow distributions of the spring case
(averaged condition) is presented.

Figure 6: The contour velocity maps of the two
spring simulations are compared by the sections at
z = 0.8 m: (a) is the configuration without addi-
tional ventilation system, (b) is the configuration
with supporting ventilation systems.

It is visible that the air velocity magnitude in ab-
sence of the additional ventilation system is sig-
nificantly low in the barrels area, around 0.05 m/s
in both planes. Then, the area around the bar-
rels can be considered a stagnation area due to
the negligible magnitude velocity, which can cause
mold formation on the barrels, as a sign of bad
wine conservation. On the contrary, the air veloc-
ity magnitude in presence of the additional venti-
lation systems is significantly higher in the same
area. In fact, in both sections, the air velocity
around the tube and the barrels goes from mini-
mum values of 0.1 m/s to a maximum of 0.5 m/s.

These air velocity magnitudes are ranged in the
optimal wine conservation air velocity interval.
Considering the temperature distribution, in these
areas are no appreciable differences between the
cases. The value of temperature inside the room
is around 287.2 K, with negligible variations. For
that, the analysis the analysis of the temperature
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Figure 7: The contour velocity maps of the two
spring simulations are compared by the sections at
z = 1.6 m: (a) is the configuration without addi-
tional ventilation system, (b) is the configuration
with supporting ventilation systems.

distribution is not reported. An interesting aspect
of the ventilation air flow is related to the incom-
ing flow from the window.

Figure 8: Comparison between velocity vector
maps of the middle sections, of the spring sim-
ulations: (a) case without mechanical ventilation
systems and (b) case with these systems.

In fact, the air enters in the cellar from the upper
section of the window and also goes out from the
bottom part of it, as shown in Figure 8. However,
the air flow patterns are not the same between the
two cases, which is likely due to the presence of the
mechanical systems. In fact, the air jet entering in
the room, without any systems, reaches the center
of the wine cellar, creating a vortex that interest

the half of the wine cellar section, close to the
window. On the contrary, the air jet coming in,
in presence of the additional ventilation systems,
has a shorter penetration distance in the room,
affecting approximately half of the area interested
by the air flow distribution of the previous case.

Figure 9: The image compares the contour veloc-
ity maps of the two autumn simulations by the sec-
tions at z = 0.8 m: (a) case without mechanical
ventilation systems and (b) case with these sys-
tems.

In this case the vortex is also present but, com-
pared to the previous case, at the floor level are
visible higher velocity magnitude and variations of
air velocity direction. The results for the autumn
simulations (averaged conditions) are similar to
the spring ones, as visible in Figures 9 and 10.
In fact, the natural ventilation of the wine cellar
is characterized by a stagnation area around the
barrels. The Figures 9 and 10 show the presence
of an air flow entering from the frame slots of the
door, in both sections of the configurations. This
slightly affects the air flow distribution close to the
door, where the air velocity reaches magnitude be-
tween 0.1-0.2 m/s. The action of the ventilation
pipes instead increases the air velocity around the
barrels in both sections, extending the air mix-
ing area, similarly to the previous cases. In this
case, the evaluation of the temperature distribu-
tion has been investigated considering the differ-
ences in the distribution between the two configu-
rations. In Figure 11 the contour maps of section z
=1.6 m are presented. It is clear that the range of
temperature variation is wider in the section with
the mechanical ventilation systems, from 283 K to
284.8 K. In the case without ventilation pipes, the
side of the cellar at the right, after the separator
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septum, is characterized by an higher temperature
than the other part.

Figure 10: The image compares the contour ve-
locity maps of the two autumn simulations by the
sections at z =1.6 m are compared: (a) case with-
out mechanical ventilation systems and (b) case
with these systems.

This can be due to the distance from the openings
and consequently to the lower ventilation effect of
the opening slots.

Figure 11: The image compares the contour tem-
perature maps of the section at 1.6 m of the con-
figurations without additional ventilation system
((a)) and with ventilation systems ((b)).

This condition is characterizing also the case with
pipes ventilation system, in particular at section
z = 0.8 m. In these sections an increased temper-
ature around the ventilation systems area is visi-
ble. This fact could be attributable to the action
of the ventilation system itself. However, from the
comparison of these cases the temperature shows
slightly different magnitude in the cellar but the
distribution doesn’t show significant variations.

Figure 12: The image compares the contour ve-
locity maps of the two autumn simulations by the
sections at z =1.6 m are compared: (a) case with-
out mechanical ventilation systems and (b) case
with these systems.

Figure 13: The image compares the contour ve-
locity maps of the two autumn simulations by the
sections at z =1.6 m are compared: (a) case with-
out mechanical ventilation systems and (b) case
with these systems.

Based on the data of the extreme conditions reg-
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istered during autumn season, the simulation re-
sults of the two configuration of the wine cel-
lar have been shown in Figure 12 and Figure 13.
In this case, both section analyzed without addi-
tional ventilation system present a slightly higher
air velocity involving all the room area; it is a lim-
ited improvement compared to the averaged case
of the autumn season, dependent from the differ-
ent initial conditions. Furthermore, the placement
of the supporting ventilation system is giving sim-
ilar results to the averaged case (see Figure 9 and
10) but the area of action seems to be wider, in
synergy with the natural ventilation from window
and door slots. The air velocity magnitude in the
barrels area with the system is ranged in the op-
timal velocity interval for the wine conservation,
with effects also in the area over the barrels.

Figure 14: The contour velocity maps of the two
spring simulations by the sections at z =0.8 m are
compared: (a) case without mechanical ventilation
systems and (b) case with these systems.

Considering the extreme spring case, the natural
ventilation contributes more than other situations
to room ventilation, as visible in Figure 15, par-
ticularly at the window’s height. In fact the Fig-
ure 15 shows that the air flow from the window
affects all the room area in front of the window,
at the upper parts of the wine cellar. However,
considering both sections (Figure 14 and Figure
15), the system has an important area of action,
with higher air velocity magnitudes, compared to
the previous cases. The air flow entering from the
opening has indeed higher air speed than the other
cases, due to the temperature difference between
inside and outside. Moreover, in this case the
system significantly changes the ventilation condi-
tions, positively affecting not only the low-speed

areas nearby but also the center of the room and
partly also the areas farthest from the window.

Figure 15: The contour velocity maps of the two
spring simulations by the sections at z =1.6 m are
compared: (a) case without mechanical ventilation
systems and (b) case with these systems.

However, based on all the simulation results, the
right part of the room is characterized by the worst
conditions for the wine conservation, caused by
the inefficiency of the natural ventilation system
configuration in both seasons. Comparing also the
results obtained at different heights, in general the
lower area, at 0.8 m of height, presents a much
more disadvantageous situation compared to the
higher section, at 1.6 m, both in the absence and
in the presence of of the system, although it cer-
tainly gives an improvement locally. In these envi-
ronmental conditions, the lower part of the room
is marginally affected by the ventilation action de-
riving from the window, so as to be considered
an area at negligible air velocity (stagnation area)
and and therefore to improve for a good conserva-
tion of the wine.

Conclusions

The analysis of the air velocity and temperature
distributions of the cellar cases have been con-
ducted by a qualitative analysis, comparing con-
tours and vector maps. The results have outlined
that the natural ventilation of the wine cellar in
spring and autumn (averaged and extreme con-
ditions) is insufficient to ensure the optimal con-
ditions around the barrels for the wine conserva-
tion. Moreover, it has been highlighted that the
placement of the mechanical ventilation systems
can have significant effects on the internal wine
cellar conditions, mainly on the ventilation effi-
ciency. In fact, the systems have proved to ensure
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an improvement on the air velocity close to the
barrels, where the ventilation conditions are more
important for the wine conservation. The air ve-
locity magnitude can reach higher values, limited
to 0.3-0.5 m/s, which are considered an optimal
range for wine ageing process. Then, this sup-
porting ventilation system can be used for locally
improving the air velocity, based on the needed
conditions. Therefore, even from this preliminary
work, the implementation of a well designed and
optimized mechanical ventilation system in a wine
cellar could be considered a strategy to obtain bet-
ter internal climatic conditions for the wine con-
servation.
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maŕıa, R. Lopez, C. Olarte, and S. Sanz (2011).
Factors of Influence in the Distribution of Mold
in the Air in a Wine Cellar. Journal of Food
Science 76, 169–174.

Ruiz De Adana, M., L. M. López, and J. M. Sala
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Abstract 

The aim of this paper is to investigate the effect of urban 

geometry on microclimate through a case study of the 

Greater London area. GIS data are used to describe the 

urban characteristics and calculate both spatial average 

and heterogeneity variables. Computational Fluid 

Dynamics (CFD) simulations are performed in areas of 

London in order to obtain their microclimatic conditions. 

The CFD simulations are performed using the standard k-

ε turbulence model and Reynolds-Averaged Navier 

Stokes (RANS) equations. Next, correlation analyses 

using the Spearman’s rank correlation coefficient are 

carried out to determine the impact of the urban variables 

on microclimate. The case study demonstrates that 

average urban density and building geometry have a 

substantial effect on microclimate. Furthermore, variation 

in building geometry and canyon ratio also have a 

significant impact. It is thus concluded that both average 

spatial variables and spatial heterogeneity should be 

included in urban climate studies.  

Introduction 

According to the 2014 Revision of World Urbanization 

Prospects, more than half (54%) of the world’s population 

lives in urban areas. In the last century, the world 

experienced the most intensive urbanization yet; and the 

coming decades are expected to attract even more people 

in cities, such that the world’s population in 2050 is 

projected to be 66% urban, adding approximately another 

2.5 billion dwellers (UN, 2014). 

As cities grow bigger, so does the pressure placed on them 

to provide life quality for their inhabitants. Studying the 

built environment of cities is becoming more important, 

as they can have a significant effect on various sectors. 

“Managing urban areas has become one of the most 

important development challenges of the 21st century” 

said John Wilmoth, Director of UN DESA’s Population 

Division (UN, 2014). Researching how this growing 

urbanization affects the microclimate of cities is attracting 

attention, since microclimatic conditions of cities are 

responsible for human well-being, outdoor thermal 

comfort, building energy performance, etc. The urban 

microclimate is influenced in a complex way by both 

natural and civic processes (Sharmin et al., 2017). Recent 

studies argue that microclimatic data are more important 

than meteorological weather data in regards to evaluating 

the performance of buildings in a city (Shahrestani et al., 

2015). This underlines the need to consider microclimatic 

information in urban planning. 

Historically, urban microclimate studies were conducted 

with observational methods, such as field measurements, 

thermal remote sensing or small-scale modelling (e.g. 

wind-tunnel tests) (Toparlar et al., 2014). Lately however, 

with the advancement of computers, numerical 

approaches using Computational Fluid Dynamics (CFD) 

have been gaining popularity, since it is a fairly easy tool, 

requiring less time. A significant advantage of simulation 

approaches, compared to observational ones, is the 

possibility to try virtual scenarios and compare them. The 

main disadvantage however, is the necessity to make 

certain simplifications and assumptions in order to set up 

the physics of the model for study. Also, when possible, 

validation studies are useful in verifying the results 

(Toparlar et al., 2014). Toparlar et al., (2017) reviewed a 

total of 183 CFD studies on urban microclimate, which 

focused mainly on parameters related to temperature, 

wind flow, thermal comfort, heat transfer, and building 

energy consumption. All these studies confirm the 

relevance of urban climatology to engineers, architects, 

urban planners, financial analysts, and policy makers in 

order to compare urban design alternatives and to 

manifest guidelines. 

This study investigates the relationship between urban 

variables and microclimatic data, focusing mainly on the 

urban heat island (UHI) effect. UHI is defined as a 

‘reverse oasis’, where air and surface temperatures inside 

the city are hotter than in their rural surroundings 

(Gartland, 2012). It is mostly observed in air layers 

adjacent to the ground, in the so-called ‘‘canopy layer’’ of 

the town but is also present as a mesoscale phenomenon 

in the urban boundary layer. Research suggests that UHI 

can also be observed in the outskirts of a city, if the streets 

are narrow enough (Bärring et al., 1985). The most 

important causes of this phenomenon are the dense layout 

of cities, that obstructs air flow and ventilation, and the 

buildings’ high thermal conductivity and heat capacity 

materials. This results in storing heat during the day and 

releasing it with a time delay at night, keeping air 

temperature constantly at high levels (Dimoudi et al., 

2013). Also, urban building materials are generally 

watertight, hindering moisture from dissipating the sun’s 

heat, and dark, trapping more solar radiation (Gartland, 

2012). Moreover, increased anthropogenic heat 

production in cities contributes to the UHI intensity. 

London has a typical nocturnal UHI intensity of 3-4oC, 
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but it has also reached 9oC during warm summers 

(Oikonomou et al., 2012).  

Studying how urban forms impact the UHI effect has been 

widely researched, and all studies agree that spatial 

variables should be taken into account during the design 

of urban layout (Bärring et al., 1985; Wong et al., 2011). 

Hu et al. (2016) conclude that the urban density of an area 

is a decisive parameter affecting the UHI intensity of that 

area. Simply by optimising the urban form layout, the 

UHI intensity can be reduced to 0.4-1oC. However, these 

results are limited in the context of the particular study, 

which involved high-density areas in China. Another 

urban variable frequently studied is the building height. 

Research indicates that taller buildings result in an 

increase in the land surface temperature, and subsequently 

in the UHI intensity (Rezaei Rad et al., 2017).  What is 

more, urban canyons, i.e. ‘‘the urban space defined by two 

adjacent buildings and the ground plane’’ have been 

identified as one of the key factors affecting the heat 

island effect and outdoor thermal comfort (Liao and Heo, 

2018). Canyon ratio (building height / street width) affects 

the incoming and outgoing solar radiation, radiation flux, 

and wind flow in a site. Research suggests that deep 

canyons (high aspect ratio) perform well at day, 

decreasing solar gains and providing better outdoor 

thermal comfort. However, they trap long-wave radiation 

and release it later at night, causing a nocturnal heat-island 

effect (Elnahas, 2011; Sharmin et al., 2017). It is thus 

concluded that the impact of urban canyons on the 

microclimate can vary based on the time of the study, as 

well as on the specific climate characteristics of the study 

area. 

This study aims to fill a knowledge gap in understanding 

how urban contexts influence the microclimate. There are 

numerous studies investigating the effect of average 

values of urban variables; however, few of them 

incorporate their variation. Recent research is calling for 

consideration of heterogeneity, rather than assuming 

homogeneous structures and layouts (Barlow, 2014). This 

study also addresses how changes in urban variables 

affect the microclimate. It has become increasingly 

important to study urban microclimatic environments and 

to apply these findings to improve outdoor thermal 

comfort and to mitigate the UHI effect. 

Methodology 

This paper investigates the effect of urban variables on 

microclimate, through a case study of the Greater London 

area. For this purpose, 8 urban variables are used, which 

adequately represent the urban morphology. The selected 

urban variables will be explained in detail later in this 

section. Except for the average variables, their standard 

deviation is also used to examine the effect of their spatial 

distribution. These variables are derived from GIS data of 

40 appropriately chosen sites, with a plan area of 300x300 

m, located in the Greater London area. Next, CFD 

analyses are performed on these sites, using the software 

package PHOENICS and the standard k-ε turbulence 

model. By having the same settings and input data for all 

the sites, it is assumed that any difference in the results is 

because of the difference in urban variables. The average 

air temperature and wind speed up to mean building 

height and their standard deviation are calculated for each 

site. Correlation analyses, using the Spearman rank 

coefficient, are later preformed between the urban 

variables and the data generated to assess their impact. 

Finally, conclusions are drawn on how appropriately 

selecting or modifying these variables can help mitigate 

the UHI effect. 

CFD Analysis 

CFD simulation is a useful tool gaining popularity, able 

to combine wind flow and heat transfer by conduction, 

convection, and radiation. This study uses the software 

‘‘PHOENICS’’ (Parabolic Hyperbolic or Elliptic 

Numerical Integration Code Series), a general-purpose 

commercial CFD code. A comparative study among 

PHOENICS, Flow Design -a virtual wind tunnel tool 

developed by Autodesk-, and ODS studio -a platform 

developed to bring together many existing open-source 

tools- concluded that PHOENICS has the most difficult 

learning process but is the most efficient in accurately 

visualising regions far from the buildings. Comparing the 

3 software with a mini airflow test, PHOENICS was 

found to have the most precise results (Sousa et al., 2015). 

Regarding the mathematical model of the CFD 

simulation, turbulence modelling is a key issue. For the 

prediction of turbulent flows, the Reynolds-Averaged 

Navier Stokes (RANS) equations are used. The RANS 

equations are derived by averaging the Navier-Stokes 

(NS) equations; time-averaging if the flow is statistically 

steady (steady RANS) or ensemble-averaging for 

transient flows (unsteady - URANS) (Blocken et al., 

2016).  

This study has used the standard k-ε model, where k is the 

turbulent kinetic energy (m2/s2), and ε its dissipation rate 

(m2/s3). It is a two-equation model, which gives a general 

description of turbulent properties of the flow by means 

of two transport equations. Turbulent fluid is treated as a 

laminar one with enlarged viscosity, then differential 

equations of turbulent motion are solved, from which the 

local values of enlarged viscosity are computed (CHAM, 

2018). It is generally acknowledged that RANS CFD is 

deficient in reproducing turbulence intensities and 

gustiness that Large Eddy Simulation (LES) has the 

intrinsic ability to provide accurate estimates of (CHAM, 

2018). RANS also suffers in accuracy in leeward regions; 

however it can be argued that these regions are less 

important for wind studies, as they have low amplification 

factors (CHAM, 2018). Nonetheless, the standard k-ε 

model used is the most widely-used turbulence model for 

industrial applications and many studies have confirmed 

it is reasonably accurate. 

The basic model settings for the CFD simulation are 

determined following the guidelines of the Architecture 

Institute of Japan (AIJ) (Tominaga et al., 2008). In order 

to adequately take into account the surrounding London 

morphology, the area of interest is nested in a bigger 

600x600 m surrounding area. The surroundings are 

modelled as a homogeneous grid of buildings, same for 
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each site. The size of the 3-dimensional computational 

domain is 1500x1500 m, whereas the vertical boundary 

varies according to the maximum building height of each 

site. The grid is discretised in 12.7 million cells, which 

expand in size according to a specific factor as we move 

towards the domain end, and each simulation runs for 

2000 iterations and 0.01% global convergence criterion. 

The simulation is set on a typical hot summer day with 

mild South-West wind, which is the prevailing wind 

direction in London. The wind velocity profile is 

logarithmic, and a fixed mass flow condition is applied at 

upwind domain faces, while a fixed pressure boundary is 

applied at downwind faces and at the sky. It is worth 

noting that the solar absorption coefficient is set rather 

low, at 0.1 to account for a fact that this is a steady 

simulation. The sun is modelled as shining on the objects 

for an infinite amount of time, so a lower absorption 

coefficient is needed to provide accurate results. The solar 

radiation (direct and diffuse) applies the heat load to 

objects within the domain, taking into account the latitude 

of the area, the time and date of the simulation, and the 

shading from surrounding objects. Thermal radiation is an 

important mode of heat transfer and is calculated as the 

radiative transfer between solids immersed in fluids 

which may or may not themselves emit and absorb 

radiation (CHAM, 2018). In more detail, the settings used 

in the model are presented in the following table: 

Table 1: CFD model settings 

Base settings Description 

Domain Size 1500 x1500 m 

Total Number of Cells 
X=404, Y=404, Z=78 

12.7 million 

Turbulence Model Standard k-ε 

Number of Iterations 2000 

Global Convergence 

Criterion 
0.01% 

Inlet Boundary 

Conditions (at reference 

height of 10m) 

Temperature 26.3oC 

Wind Speed 3.2 m/s SW 

Solar Radiation 
Direct 403 W/m2 

Diffuse 375 W/m2 

Effective Terrain 

Roughness Height 
0.03 m 

Coefficient for Wall 

Functions 
Logarithmic 

Solar Absorption 

Coefficient 

Buildings 0.1 

Ground 0.1 

Emissivity Coefficient 
Buildings 0.92 

Ground 0.88 

Domain Material Air using ideal Gas Law 

density 1.18 

viscosity 1.83E-05 

specific heat 1004 

conductivity 0.026 

 

 

 

The results of the CFD analysis of one site, in the form of 

air temperature are presented in the following figure. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Air temperature results of one site 

 

Urban spatial variables 

Average values 

The most commonly used variable in similar 

microclimate studies is the urban density. However, the 

literature review has shown that many other variables can 

have a significant impact. For this study, we use the some 

of the variables presented in (Liao and Heo, 2018). The 

variables are computed from GIS data in the format of 

shapefile provided by EDiNA Digimap that contains 

urban geometries for every city in UK (EDiNA 2018). 

The shapefile is read in ArcMap 10.5 and outputted into 

Python 2.7 for data processing and analysis. The 8 

variables used, and their description are presented in 

Table 2: 

Table 2: List of spatial variables 

Variable Description 

SC 
Site Coverage – total area of building footprints 

in a site (m2) 

NB Number of buildings in a site 

ABH Average of building heights in a site (m) 

ABR 
Average of building ratios (width/length) in a 

site 

ABF 
Average of building footprint areas in a site 

(m2) 

ABS 
Average of building surface (envelope) areas in 

a site (m2) 

PA 
Pervious area, including green space and soil, 

in a site (m2) 

ACR 
Average Canyon Ratio - average canyon street 

height-to-canyon street width ratio 

 

The variables are derived from GIS data by calculating the 

average value of all individual urban components in each 

selected 300m-by-300m grid area. Site Coverage (SC) is 

a value commonly used to describe urban density and is 

calculated as the percentage of building footprint to the 

total site area. The number of buildings (NB) is also a very 

straight-forward variable in terms of its meaning, and it is 

usually associated with urban density. Average building 

height (ABH) is calculated as the arithmetic mean of all 

the building heights in a site. Average building ratio 
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(ABR) is the arithmetic mean of all the building ratios in 

a site. When the building has a rectangular shape, the ratio 

is defined as width to length; when the shape is polygon, 

the ratio is defined as minimum to maximum distance 

between any two vertexes of the building footprint 

outline. Average Building Footprint (ABF) is the total 

area of all buildings’ footprints on the horizontal plane. 

Average Building Surface (ABS) is the total sum of all 

building walls and roofs, assuming flat roofs for all the 

buildings. The shapefile provided by EDiNA has the 

following categories: “buildings”, “roads, tracks and 

path”, “structures”, “land” and “water”. Pervious area 

(PA) in a site is the sum of all areas falling in the “land” 

and “water” categories. Average Canyon Ratio (ACR) 

incorporates the street geometry and is calculated as the 

average building height to street width ratio (i.e. H/W) 

(Liao and Heo, 2018).  

Table 3 summarises the statistical characteristics of the 

spatial variables for the 40 selected sites. The sites were 

selected so as to represent various urban forms and cover 

the extent of the possible values of the variables in the 

Greater London Area; hence the standard deviation is 

generally big. Mean site coverage is 0.39, which is higher 

than the average site coverage for the entire London area 

(0.17), because the majority of the sites selected were in 

central densely built areas. Nevertheless, the variation in 

number of buildings and building height is substantial. 

London generally has low building heights, with the mean 

value of the selected areas being 13.31 m. The highest 

building selected was 33.31 m and it is found in a site in 

the City District of London. This is where the densest site 

of SC=0.67 is also located. The least dense of the sites 

selected is found in a residential area in the south-east of 

London. Buildings are rather long-shaped, with an 

average building ratio of 0.39. The sites with the least 

pervious areas are unsurprisingly located in the central 

area of London, whereas the site selected with the biggest 

pervious area is found south-west at Worcester Park. The 

sites were selected to assess the impact of urban forms, so 

large parks were generally avoided; this is the reason why 

the pervious area is relatively small (i.e. 33% of the site 

area). Canyons in the selected sites vary from deep to wide 

canyons; although the mean value of canyon ratio is close 

to 1 (0.93). The widest street of the sites selected is located 

south-east at Orpington, while the narrowest and deepest 

canyon in the City District. 

Table 3:  Spatial variables of the selected sites 

Variable Mean Max. Min. Std Dev. 

SC 0.39 0.67 0.13 0.14 

NB 344 678 89 132 

ABH (m) 13.31 33.31 5.04 6.00 

ABR 0.39 0.54 0.33 0.06 

ABF (m2) 139.29 510.67 34.13 104.61 

ABS (m2) 289404 4784 208 881 

PA (km2) 29285 64317 1867 16515 

ACR 0.93 2.34 0.29 0.41 

Heterogeneity values 

The previous variables demonstrate the average values of 

the variables of the selected areas. In order to represent 

spatial heterogeneity, it is important to know what the 

variation of these variables in a site is. There are two 

approaches of calculating the standard deviation of urban 

variables. For variables relating to building geometries 

(NB, ABH, ABR, ABF, ABS) the standard deviation is 

calculated by taking all building attributes across the site. 

For street and land use variables, the previously 

mentioned approach is not feasible, so we have to divide 

the area (300x300 m) in a 3x3 grid. The average variables 

are calculated for each patch, and the standard deviation 

is derived from those 9 variables. However, as each patch 

is only 100x100 m and there are variables which might 

extend to more than this distance, there potentially can be 

some inaccuracies in the standard deviation of these 

variables (Liao and Heo, 2018). 

Results 

This section examines the impact of average urban 

variables and their deviation on microclimatic conditions, 

and more specifically on air temperature and wind speed. 

In order to take into account variations along the vertical 

plane, the data studied are the average air temperature and 

wind speed of a volume covering the site up to the mean 

building height (16.21 m). By choosing this plane for all 

sites, we can study the microclimatic data in the urban 

canopy layer (UCL), which is the layer primarily 

influenced by the urban geometry, human activities and 

ground characteristics, and the area where UHI is mostly 

observed (Bakarman and Chang, 2016). Next, the 

microclimatic data acquired are correlated for each site 

against the urban variables. Correlation analyses using the 

Spearman rank coefficient are carried out between the 

urban variables and microclimatic results to assess their 

impact on the microclimate and specifically the UHI 

effect. The coefficient ranges from -1 to +1, indicating 

strong negative and positive correlation respectively.  

Correlation between urban variables and wind speed 

This section examines the effect of urban variables on the 

average wind speed up to mean building height (16.21 m). 

Generally, the correlation coefficients in this section are 

higher than those between the urban variables and the air 

temperature, which indicates that in the studied model the 

urban variables have a more significant effect on the wind. 

Also, variables that are in positive correlation with wind 

speed are in negative with air temperature, since increased 

wind flow corresponds to heat removal. In other words, a 

variable that tends to cause high wind speed, will probably 

cause lower air temperatures and vice-versa.  Figure 2 

illustrates the correlation between wind speed and the 

spatial variables. Site coverage (SC) is strongly negatively 

correlated with wind velocity (R=-0.66), as it is suggested 

from the literature (Ok and Aygün, 1995), since dense 

areas full of buildings have few open spaces which do not 

allow the formation of substantial wind flow. Wind speed 

shows a strong negative correlation with building height, 

footprint, and surface. Tall and large buildings act as 

obstacles, slowing the wind flow due to sheltering effects. 
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Wide-shaped buildings are moderately positively 

correlated with the wind speed. Pervious area (PA) has a 

strong impact both on the wind speed and air temperature, 

and in this case green areas tend to increase wind flow. 

Canyon ratio (H/W) has a significant negative correlation 

(R=-0.79) which indicates that deep canyons have lower 

wind speeds. A study by Memon et al., (2010) supports 

that deep canyons (high H/W ratio) produce more vortices 

around buildings, and as the street width is closing in, the 

space left for free stream flow is further reduced. 

 

Figure 2: Spearman’s rank correlation coefficients 

between spatial variables and wind speed 

 

Figure 3 shows the correlation between deviation of the 

spatial variables and the wind speed. Overall, the 

correlation coefficients of the deviations of the spatial 

variables are lower than those of the average spatial 

variables. Deviation in site coverage, building height, 

footprint and surface have the biggest impact, and tend to 

cause lower wind speeds. Although the average value of 

pervious area (PA) had a significant effect on wind 

velocity, its deviation has little influence. Non-uniform 

canyon ratios enhance wind speed (R=0.30) and decrease 

air temperature (R=-0.54) (shown in Figure 5).  Sharmin, 

(2015) also suggested that non-uniform urban canyons 

can enhance urban ventilation. 

 

Figure 3: Spearman’s rank correlation coefficients 

between standard deviation of spatial variables and 

wind speed 

 

Correlation between urban variables and air 

temperature  

Figure 4 illustrates the correlation between the average 

spatial variables and the air temperature. Dense areas are 

strongly correlated with the air temperature (R=0.76), 

since they do not allow the development of substantial 

airflow and they have less space for green areas, which 

can reduce the air temperature through 

evapotranspiration. Number of buildings (NB) has the 

strongest correlation (R=0.86). Building height is also 

strongly positively correlated (R=0.59). The solar 

radiation reaching inside the urban canyons is reflected 

back up at the walls of the buildings, which absorb the 

heat and release it back into the surrounding area. Tall 

buildings occupy more vertical space and thus are more 

likely to absorb and trap the solar radiation, resulting in 

increased temperatures (Bennet and Ewenz, 2013). Also, 

as seen from Figure 2, building height (ABH) 

significantly decreases wind speed and, consequently, 

increases air temperature. Building variables, such as 

footprint (ABF), and surface area (ABS), also 

substantially impact the air temperature for the same 

reason. Long-shaped buildings tend to cause higher 

temperatures in the area. As expected, pervious area (PA) 

has a strong impact on the air temperature (R=-0.73). 

Areas that have green and water areas have increased 

evapotranspiration, which removes the latent heat fluxes 

and decreases the air temperature. Also, trees’ foliage 

provides shading and reduces the direct solar radiation 

under the tree canopy, significantly mitigating the heat 

stress (Ali-Toudert and Mayer, 2018). Deep canyons 

(high H/W ratio) are found to be positively correlated 

(R=0.66) with the air temperature. Some studies suggest 

that deep canyons are better in mitigating the UHI effect 

(Bakarman and Chang, 2016; Zakhour, 2015). However, 

as canyons are mostly associated with solar radiation and 

shading, the results can vary in different climatic and 

geographic conditions.  In comparison to these studies 

performed in hot and humid climates, this study uses the 

temperate London climate.  

 

Figure 4: Spearman’s rank correlation coefficients 

between spatial variables and 𝑇𝑎𝑖𝑟  

 

Figure 5 presents the correlations between the standard 

deviations of the spatial variables and the average air 

temperature. Overall, the correlations coefficients are 

-1.00

-0.50

0.00

0.50

1.00

SC NB ABH ABR ABF ABS PA ACR

-1.00

-0.50

0.00

0.50

1.00

SC NB ABH ABR ABF ABS PA ACR

-1.00

-0.50

0.00

0.50

1.00

SC NB ABH ABR ABF ABS PA ACR

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
781

 

 
  



 

 

low. Although site coverage (SC) was one of the most 

important factors affecting the air temperature, its 

deviation has a small impact (R=0.14). Variation in 

building geometry (height, footprint, surface, ratio) has a 

moderate positive impact on the air temperature, but their 

impacts are less than the impact their average values have. 

Varying building ratio was found to have a small positive 

correlation, meaning that diverse building forms tend to 

cause higher temperature. Changes in pervious area (PA) 

have a slight negative correlation with the air temperature, 

even though its average value has a strong correlation 

coefficient. Variation in canyon ratio (ACR) has the 

biggest influence; diverse urban canyons are found to 

generate lower air temperatures than uniform ones 

(Sharmin et al., 2017). 

 

 

Figure 5: Spearman’s rank correlation coefficients 

between standard deviation of spatial variables and 𝑇𝑎𝑖𝑟  

Conclusion 

This paper addresses the impact of urban variables on 

microclimate through a case study of London. 40 sites 

were selected in the Greater London area and CFD 

analyses were performed for each site. The average 

temperature and wind speed for each site were calculated, 

and they were correlated against urban variables using 

GIS data. Average values of these variables and their 

deviation in the selected areas were examined. Studying 

in detail how these variables affect the microclimatic 

environment can provide insights on how to properly 

modify them to improve urban microclimatic conditions 

and mitigate the UHI effect.  

It was found that dense areas with strong SC are prone to 

developing the heat island effect. Compact areas exhibit 

higher air temperature due to heat stored in building 

materials and lower wind speed due to the higher 

roughness of the city compared to the rural surroundings, 

enhancing turbulence (Grawe et al., 2013). Smaller 

building volume in a site could help mitigate the UHI 

effect. Tall and large buildings tend to form UHI, as they 

increase the air temperature and decrease the wind speed. 

Varying building geometries, such as height, footprint, 

and surface area have a substantial effect on reducing 

wind flow. Green areas substantially mitigate the UHI 

effect. In the context of this study, deep canyons (high 

H/W ratio) were found to cause lower wind speed and 

higher air temperature. Canyons with varying ratios 

substantially increase wind flow and heat removal. As a 

result, wide and non-uniform canyons are favoured. 

However, diversity in building geometries results in 

increased air temperature and UHI intensity. 

Nevertheless, the trends found above are limited to the 

context of the studied area. Firstly, the correlation 

analyses are based on the results from 40 sites, which 

makes the statistical sample rather small. Also, 

calculating the standard deviation of some urban spatial 

variables may not accurately represent the actual 

variation. For example, deviation of street width could be 

imprecise, since it is calculated by dividing the area into 

9 patches and obtaining the standard deviation of the 

average street width from these 9 patches only. In 

addition, many studies researching the UHI effect focus 

on air temperature at the pedestrian level (i.e. 1-2 m above 

the ground), whereas this paper studied the average air 

temperature up to the mean building height. 

Consequently, the results from this paper may not be 

directly comparable to the existing findings.  

Overall, this study has proven that average spatial 

variables substantially affect microclimatic conditions. 

Their deviation in a site also shows an impact on 

microclimate, although it is generally lower than the 

average values. Hence, more research is needed to 

investigate the role of spatial heterogeneity in the 

microclimate for future urban climate studies. Therefore, 

this work and further studies can be of interest to 

engineers, designers, and urban planners, for the 

development of UHI mitigation strategies, as well as for 

understanding the degree to which the microclimate of 

cities is dependent on urban variables. 

Acknowledgement 

This work was supported by the scholarship of 

Foundation for Education and European Culture (IPEP). I 

would also like to thank PhD candidate Wei Liao for his 

important help throughout the study, especially with the 

GIS data. 

References 

Ali-Toudert, F., Mayer, H., 2018. EFFECTS OF STREET 

DESIGN ON OUTDOOR THERMAL 

COMFORT [WWW Document]. ResearchGate. 

URL 

https://www.researchgate.net/publication/24215

7021_EFFECTS_OF_STREET_DESIGN_ON_

OUTDOOR_THERMAL_COMFORT 

Bakarman, M.A., Chang, J.D., 2016. The Effect of Urban 

Geometry on the Microclimate in Hot- Arid 

Climates: A Case Study of Riyadh, Saudi Arabia 

[WWW Document]. ResearchGate. URL 

https://www.researchgate.net/publication/30644

8335_The_Effect_of_Urban_Geometry_on_the

_Microclimate_in_Hot_Arid_Climates_A_Case

_Study_of_Riyadh_Saudi_Arabia  

Barlow, J.F., 2014. Progress in observing and modelling 

the urban boundary layer. Urban Clim., ICUC8: 

The 8th International Conference on Urban 

-1.00

-0.50

0.00

0.50

1.00

SC NB ABH ABR ABF ABS PA ACR

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
782

 

 
  



 

 

Climate and the 10th Symposium on the Urban 

Environment 10, 216–240. 

https://doi.org/10.1016/j.uclim.2014.03.011 

Bärring, L., Mattsson, J.O., Lindqvist, S., 1985. Canyon 

geometry, street temperatures and urban heat 

island in malmö, sweden. J. Climatol. 5, 433–

444. https://doi.org/10.1002/joc.3370050410 

Bennet, M.G., Ewenz, C.M., 2013. Increased Urban Heat 

Island Effect due to Building Height Increase 6. 

Blocken, B., Stathopoulos, T., van Beeck, J.P.A.J., 2016. 

Pedestrian-level wind conditions around 

buildings: Review of wind-tunnel and CFD 

techniques and their accuracy for wind comfort 

assessment. Build. Environ. 100, 50–81. 

https://doi.org/10.1016/j.buildenv.2016.02.004 

CHAM, 2018. TURBULENCE MODELS [WWW 

Document]. URL 

http://www.cham.co.uk/phoenics/d_polis/d_lecs

/general/turb.htm 

Dimoudi, A., Kantzioura, A., Zoras, S., Pallas, C., 

Kosmopoulos, P., 2013. Investigation of urban 

microclimate parameters in an urban center. 

Energy Build. 64, 1–9. 

https://doi.org/10.1016/j.enbuild.2013.04.014 

EDiNA (2018). http://digimap.edina.ac.uk/ 

Elnahas, M.M., 2011. The Effects of Urban Configuration 

on Urban Air Temperatures. Archit. Sci. Rev. 46, 

135–138. 

https://doi.org/10.1080/00038628.2003.969697

5 

Gartland, L.M., 2012. Heat Islands : Understanding and 

Mitigating Heat in Urban Areas. Routledge. 

https://doi.org/10.4324/9781849771559 

Grawe, D., Thompson, H.L., Salmond, J.A., Cai, X.-M., 

Schlünzen, K.H., 2013. Modelling the impact of 

urbanisation on regional climate in the Greater 

London Area. Int. J. Climatol. 33, 2388–2401. 

https://doi.org/10.1002/joc.3589 

Hu, Y., White, M., Ding, W., 2016. An Urban Form 

Experiment on Urban Heat Island Effect in High 

Density Area. Procedia Eng., Fourth 

International Conference on Countermeasures to 

Urban Heat Island, 30-31 May and 1 June 2016 

169, 166–174. 

https://doi.org/10.1016/j.proeng.2016.10.020 

Liao, W. and Heo, Y., 2018. The Effect of Urban Spatial 

Characteristics on Microclimate. Building 

Simulation and Optimization Conference 2018 

Memon, R.A., Leung, D.Y.C., Liu, C.-H., 2010. Effects 

of building aspect ratio and wind speed on air 

temperatures in urban-like street canyons. Build. 

Environ., International Symposium on the 

Interaction between Human and Building 

Environment Special Issue Section 45, 176–188. 

https://doi.org/10.1016/j.buildenv.2009.05.015 

Oikonomou, E., Davies, M., Mavrogianni, A., Biddulph, 

P., Wilkinson, P., Kolokotroni, M., 2012. 

Modelling the relative importance of the urban 

heat island and the thermal quality of dwellings 

for overheating in London. Build. Environ. 57, 

223–238. 

https://doi.org/10.1016/j.buildenv.2012.04.002 

Ok, D.V., Aygün, M., 1995. The Variations of Wind 

Speeds with Building Density in Urban Areas. 

Archit. Sci. Rev. 38, 87–95. 

https://doi.org/10.1080/00038628.1995.969678

3 

Rezaei Rad, H., Rafieian, M., Sozer, H., 2017. Evaluating 

the effects of increasing of building height on 

land surface temperature. Int. J. Urban Manag. 

Energy Sustain. 1, 11–16. 

https://doi.org/10.22034/ijumes.2017.01.01.002 

Shahrestani, M., Yao, R., Luo, Z., Turkbeyler, E., Davies, 

H., 2015. A field study of urban microclimates 

in London. Renew. Energy, Sustainable 

Development in Building and Environment 

(SuDBE) 2013 73, 3–9. 

https://doi.org/10.1016/j.renene.2014.05.061 

Sharmin, T., Steemers, K., Matzarakis, A., 2017. 

Microclimatic modelling in assessing the impact 

of urban geometry on urban thermal 

environment. Sustain. Cities Soc. 34, 293–308. 

https://doi.org/10.1016/j.scs.2017.07.006 

Sharmin, T., Steemers, K., Matzarakis, A., 2015. Analysis 

of microclimatic diversity and outdoor thermal 

comfort perceptions in the tropical megacity 

Dhaka, Bangladesh. 

https://doi.org/10.1002/joc.4502 

Sousa, J.P.M., Moya, R.A.C., Prohasky, D., Vaz, C.E.V., 

2015. Empirical analysis of three wind 

simulation tools to support urban planning in 

early stages of design, in: Blucher Design 

Proceedings. Presented at the XIX Congresso da 

Sociedade Ibero-americana de Gráfica Digital 

2015, pp. 363–370. 

Tominaga, Y., Mochida, A., Yoshie, R., Kataoka, H., 

Nozu, T., Yoshikawa, M., Shirasawa, T., 2008. 

AIJ guidelines for practical applications of CFD 

to pedestrian wind environment around 

buildings. J. Wind Eng. Ind. Aerodyn., 4th 

International Symposium on Computational 

Wind Engineering (CWE2006) 96, 1749–1761. 

https://doi.org/10.1016/j.jweia.2008.02.058 

Toparlar, Y., Blocken, B., Vos, P., van Heijst, G.J.F., 

Janssen, W.D., van Hooff, T., Montazeri, H., 

Timmermans, H.J.P., 2014. CFD simulation and 

validation of urban microclimate: A case study 

for Bergpolder Zuid, Rotterdam. Build. 

Environ., Special Issue: Climate adaptation in 

cities 83, 79–90. 

https://doi.org/10.1016/j.buildenv.2014.08.004 

Toparlar, Y., Blocken, B., Maiheu, B., van Heijst, G.J.F., 

2014. A review on the CFD analysis of urban 

microclimate. Renewable and Sustainable 

Energy Reviews 80, 1613–1640. 

https://doi.org/10.1016/j.rser.2017.05.248 

UN, 2014. UN world urbanization prospects: The 2014 

revision [WWW Document]. Eur. Environ. 

Agency. URL https://www.eea.europa.eu/data-

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
783

 

 
  

http://digimap.edina.ac.uk/


 

 

and-maps/data/external/world-urbanization-

prospects-the-2012-2 

Wong, N.H., Jusuf, S.K., Syafii, N.I., Chen, Y., Hajadi, 

N., Sathyanarayanan, H., Manickavasagam, 

Y.V., 2011. Evaluation of the impact of the 

surrounding urban morphology on building 

energy consumption. Sol. Energy 85, 57–71. 

https://doi.org/10.1016/j.solener.2010.11.002 

Zakhour, S., 2015. The impact of urban geometry on 

outdoor thermal comfort conditions in hot-arid 

region [WWW Document]. ResearchGate. URL 

https://www.researchgate.net/publication/32233

0055_The_impact_of_urban_geometry_on_out

door_thermal_comfort_conditions_in_hot-

arid_region 

 

 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
784

 

 
  



Ventilation Efficiency Of Push-Pull Ventilation Systems In Residential Buildings – CFD 

Simulation And Validation Of The Model With Measurements In A Research Apartment 

 

Markus Wirnsberger1, Frank Buttinger1, Harald Krause1 

Technical University of Applied Sciences Rosenheim1 

 

 

 

 
 

Abstract 

In the project, domestic ventilation concepts with 

PushPull-Fans were investigated. These ventilation units 

are characterized by a periodically changing supply and 

exhaust air operation. To ensure balanced operation, these 

ventilation units are always used in pairs, with one unit 

being in the exhaust air mode and the other in supply air 

mode. Measurements were made in a research apartment. 

The results were used to validate a CFD simulation model 
for transient studies. A room-by-room layout with two 

units in one room and a cross-room ventilation layout with 

two connected units in two rooms were analysed. The age 

of air was used as the evaluation parameter. With the 

room-by-room ventilation layout a lower age of air in the 

bedroom compared to the cross-room layout was 

obtained. However, in the room-by-room layout, the air 

flow through the larger living room with connected 

corridor was poorer in the rear area. With the cross-room 

layout, the flow through the rooms was more uniform. 

With the cross-room layout, the average age of air in the 

apartment could be slightly reduced compared to the 
room-by-room layout. 

Introduction 

In order to comply with the climate change targets, the 

building stock in Germany must become almost CO2 

neutral by 2050 (Bundesministerium für Umwelt, 

Naturschutz, Bau und Reaktorsicherheit (BMUB), 2016). 

Private households are responsible for 28 % of energy 

consumption in Germany, 80 % of which is used for space 

heating (AGEB, A. E. e.V.G., 2019). In modern, highly 

insulated buildings, ventilation heat losses contribute up 

to 50 % of total heat losses. These losses can be 

significantly reduced by using controlled ventilation with 

heat recovery. For current ventilation systems, heat 
recovery rates of > 80 % are usual. Nevertheless, 

residential ventilation systems are seldom cost-effective, 

even in new buildings. In addition, 96 % of the energy 

consumption for residential buildings is required by 

buildings built before 2001 (Deutsche Energie-Agentur , 

2016). This implies that building refurbishment is a 

critical factor for the success of stopping climate change. 

The central ventilation systems established on the market 

are rarely suitable for refurbishment, as the required pipes 

are usually difficult to install. For these reasons, many 

building owners decide against controlled dwelling 

ventilation. The aim is therefore to develop simple 
ventilation concepts that are suitable for refurbishment 

and still inexpensive. 

 

PushPull-Fans have been pushing their way onto the 

market for several years and represent a simple alternative 

to central ventilation systems. Despite their simple design, 

PushPull-Fans allow controlled ventilation of domestic 

houses. The market share of decentralised ventilation 

units, which also include PushPull-Fans, is steadily 

increasing (2016 30% (Interconnection Consulting, 

2018)). However, few research projects have been made 
on this ventilation system. In this study a CFD simulation 

model was created and validated with measurement data 

to build the basis for further investigations. The difference 

between room-wise and room-overlapping coupling of the 

ventilation units was investigated. 

Methods 

Experiments 

In the first step experiments were performed. The results 

were used in a further step to validate the simulation 

model. A research apartment with a floor area of 70 m² 

was built especially for the investigation of ventilation 

concepts. The apartment is located in a hall and is thus 

protected from environmental influences. At the moment 

the dwelling is subdivided into bedroom, living room, 

bath and kitchen, which are connected by a corridor. The 

bedroom has the dimensions 3x5.8x2.8m (w*l*h). The 

living room measures 4x5x2.8m (w*l*h). The living room 
is not separated from the corridor by a wall, so the air can 

circulate freely. The corridor serves as an overflow zone 

and measures 5x1.9x2.8 m (w*l*h). The bathroom and 

kitchen were not used for the investigations and were 

separated airtight from the rest of the apartment. Beneath 

the bedroom door there is a door gap with a height of 50 

mm and a length of 1.5 m. This gap acts as an overflow 

opening and connects the bedroom and the living room. 

Two PushPull-Fans were installed at a height of 1.7 m in 

each the living room and the bedroom. The presence of 

one person in each room was represented by a cylindrical 

dummy with light bulbs in it. The dummies have a 
diameter of 0.42 m and a height of 1.25 m. Each of the 

dummies have a heat output of 100 W. Figure 1 shows the 

layout of the apartment and the position of the PushPull- 

Fans in the bedroom and living room. The position of the 

measuring points is also shown. 
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Figure 1 Layout of the research apartment 
 

PushPull-Fans have regenerative heat recovery. The units 

have a fan that can change the flow direction. In the 

middle there is a heat accumulator made of either ceramic 
or aluminium (see Figure 2). Depending on the flow 

direction, this serves as a heat source or heat sink. 

 

Figure 2 PuspPull-Fan PP60 from Maico (Maico 
Elektroapparate-Fabrik GmbH, 2019) 

 

The direction of flow is changed after 70 s intervals. This 

interval is specified by the manufacturer of the PushPull- 

Fan which was used and is the same for other models. It 

seems to be a compromise between heat recovery and 

thermal comfort. Each change of direction results in a 

pause of 10 s in which no air is moved. In order to prevent 

a pressure difference between inside the house and 

outside, the supply and exhaust air volume flowing into 
the housing unit must be the equal at all times. This is 

achieved by using an even number of ventilation units. A 

pressure difference leads to undesired leakage flows and 

thus to a reduction in the degree of heat recovery. Two 

ventilation units always form a pair which are coupled 

together. While one unit is in supply mode, the second 

unit is extracting the air from the room. After 70 s the 

devices change the roles. If there is an air-permeable 

connection between two rooms, e.g. a door gap, these can 

also be ventilated with one pair of ventilators. 

 
The PP60 ventilation unit from Maico with a diameter of 

200 mm was used as the PushPull-Fans. This model is 

distributed in the same or a similar model by other 

companies. The opening of the ventilation unit is on the 

upper side and has a size of 4 cm x 18 cm. The maximum 

volume flow that the unit can handle in one direction is 45 

m³/h. Since the air handling unit delivers air in one 
direction for only the half of an hour, a second unit is 

required to achieve the specified outdoor air flow rate of 

45 m³/h. The maximum air flow rate is 45 m³/h. 

 
The exhaust air of the PushPull-Fans is blown into the 

surrounding hall. In order to prevent the exhaust air from 

being re-circulated, special fresh air hoods (see Figure 3) 

have been developed. These blow fresh outside air from 

above onto the PushPull-Fans and push the used air 
downwards where it leaves into the hall. Additionally, the 

supply air for decentralised ventilation units and free 

ventilation can be tempered in this way. 
 

 

Figure 3 Fresh air hoods for simulating outdoor conditions and 

providing decentralised ventilation units with tracer gas free air 
 

The necessary volume flows were calculated according to 

DIN 1946-6:2009 (DIN-Normenausschuss Heiz- und 

Raumlufttechnik, 2008). Thereafter, the fresh air volume 

flow for living room and bedroom is 45 m³/h each. Two 

ventilation concepts with different switching times were 

investigated. In the first case, the two fans in one room 
were connected. The second case considered the cross- 

room interconnection of the ventilation units. The outside 

air temperature during the test was 20 °C. The room 

temperature at the beginning of each experiment was 20 

°C. 

 
The air exchange rate was determined using the tracer gas 

SF6. For this the decay method was used. This means that 
gas was injected into the apartment and homogeneously 
distributed with fans until the start concentration was 

reached. The decay of the gas concentration was then 
measured in the rooms at a height of 1.1m (see Figure 1) 
and in the ventilation units with the photoacoustic gas 

monitor INNOVA 1512 (Normenausschus Bauwesen, 
2013). 
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Figure 4 SF6 concentration measured in the research apartment during a room-by-room ventilation with a switching time of 70s 
 

Figure 4 shows the SF6 concentration for the room-by- 
room layout in which the two ventilation units in the same 
room are coupled as a pair. The INNOVA 1512 is not able 
to analyse different samples simultaneously. This leads to 
fluctuating values in the ventilators, because the sample 
was either taken in supply or exhaust air mode. If a 
concentration close to the room concentration is 
measured, the unit is in the exhaust phase. At a low SF6 
concentration, the air is blown into the room. During the 
measurements, an SF6 concentration of 15% of the 
concentration in the room was found in the supply air. 

 
Simulation 

Geometry 

The CFD simulation was performed with ANSYS 19.0 

CFX. The research apartment could be reproduced in a 

simulation model with high closeness to reality. (see. 

Figure 5). 
 

 

Figure 5 Geometry of the research apartment used for the 

simulation 
 

The ventilation units were represented as cuboids. 

Separate openings were created for the inlet and outlet to 

define those specific boundary conditions (see Figure 6). 

The dummies for the heat dissipation were also modelled. 
 

 

Figure 6 Simplified geometry of the PushPull-fan with 
separated inlet and outlet 

 

Mesh 

The mesh consists of 745,000 tetrahedral cells.. For 

inflation, the height of the first node was set at 5 mm. Due 

to the small temperature differences the influence of the 

wall areas is negligible. The boundary layer is therefore 

not fully dissolved. The height of the first node in the 

inflation zone was set to 5 mm. The element size for the 
door gap and for the air in- and outlets is 10 mm. On the 

outer hull and the surface of the dummies, the element size 

has been set to 100 mm. 

inlet 

outlet 
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permissible  differential  pressure  for  overflow elements 

1.5 Pa. (DIN-Normenausschuss Heiz- und 

Raumlufttechnik, 2008). Therefore, the air age was used 

for the validation. This makes it possible to compare 

transient boundary conditions over a longer period of 

time. If the air age matches between simulation and 

measurements, the average air velocities and differential 

pressures are 

also the same. The nominal time constant 𝜏𝑛 (see eq. 2) 
describes how long it takes until the air has been replaced 
in a room with an ideal air flow. 𝜏𝑛 is calculated from the 

volume of the room 𝑉𝑟𝑜𝑜𝑚  and the volume flow �̇�𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 

which is equal to the outdoor air volume flow. This is also 

equal to the reciprocal air exchange rate 𝛽. 

 

𝜏𝑛 =
1

𝛽
=

𝑉𝑟𝑜𝑜𝑚

�̇�𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒
 (2) 

 

 

 

 

 

Figure 7 Cut through the mesh of the bedroom and the corridor 
 

Boundary conditions 

The bedroom and the living room incl. corridor were 

created as two separate domains. The two domains are 

connected by the door gap as an interface. 

 
The boundary conditions of the ventilation units were 

defined as mass flow condition, a volume flow of 45 m³/h 
multiplied with the density of air was used. The air was 

blown into the room by a device for 60 s and at the same 

time extracted from the room by the partner device. A 

break of 10 s abates the flow before the ventilation devices 

change the air direction. A fixed temperature of 20 °C was 

set for the air inlet and for the outside wall temperature. 

 
The k-ε turbulence model was used, as this model 

simulates turbulence in a more realistic way than the SST 

turbulence model when simulating room air flows (Lu & 

Vilijanen, 2011). 

 
For the determination of the age of air an additional 

variable was used, for which a further transport equation 

is solved. The age of air moves in the same manner as the 

air in the room. The kinematic diffusivity is therefore 0 

m²/s. To reproduce the leakage of the tracer gas in the 
supply air (s. Figure 4), the value of the age of air in the 

supply air was set to 15% of the mean room age of the air 

(see eq. 1). 
 

𝐴𝑔𝑒𝑜𝑓𝐴𝑖𝑟𝐼𝑛𝑙𝑒𝑡 = 𝐴𝑔𝑒𝑜𝑓𝐴𝑖𝑟𝑟𝑜𝑜𝑚𝑚𝑒𝑎𝑛 
∗ 0.15 (1) 

The heat output of the dummies was set as heat flow for 

the cylindrical surface and the top of the cylinder. 

Results 

A validation of the simulation model by the comparison 

of air velocity is opposed by the strong temporal and 

spatial variation of such. The use of differential pressures 
for the validation is difficult because the differential 

pressures in residential ventilation are very low. E.g. 

For the bedroom with a volume of 40 m³, the exchange 

volume flow of 45 m³/h results in a 𝜏𝑛 of 0.9 h. The 

bedroom and the corridor together have a volume of 83 

m³. With the same volume flow as in the bedroom, a 𝜏𝑛 of 
1.8 h is calculated. 

 
The simulation was continued until the age of air in the 

apartment has reached a stationary level. Figure 8 shows 

the distribution of the air age of the apartment for the 

room-by-room layout at a height of 1.1 m for a 
changeover time of 70 s. In the bedroom the age of air 

ranges from 1.5 h to 1.8 h. The age of the air in the living 

room and in the corridor reaches values between 1.8 h - 

3.1 h. 
 

 

Figure 8 Age of air for room-by-room ventilation with a 
switching time of 70 s at a high of 1.1m 

 

Figure 9 shows the distribution of the age of air in the 

apartment at a height of 1.1 m for the cross-room 

ventilation layout and a switching time of 70 s. In the 

bedroom the age of air reaches values between 1.6 h – 2.1 

h. For the living room and the corridor, the values are 2.0 

h – 2.5 h. 

PushPull-Fan 

wall between 

bedroom and 

manikin 

door gap 
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Figure 9 Age of air for cross-room ventilation with a switching 

time of 70 s at a high of 1.1m 
 

The results for the measured samples in the bedroom, 

living room and corridor from the experiments and the 

measurements are shown in Figure 10. The agreement 

between experiment and simulation confirms the validity 

of the simulation model. The results show that a uniform 
average age of air of around 2 hours is achieved in all 

rooms with cross-room ventilation. With room-by-room 

ventilation, the mean age of air in the bedroom decreases 

to 1.6 hours. In the bedroom, the mean air age increases 

to 2.3 h. In the corridor there is also an increase to 2.7 h. 

and the mean age of air �́�𝑎   (see eq. 3). With a better air 
exchange rate, less air is needed to achieve the same air 
quality. 

 

𝜏𝑛 
𝜀𝑎 = 

2 ∗ �́�𝑎 
(3) 

For the cross-room ventilation layout, the average age of 

the air in the bedroom is 1.8 h. The air exchange efficiency 

is therefore 0.25. The mean age of the air in the living 

room and the corridor is 2.2 h, resulting in an air exchange 

efficiency of 0.4. For the layout with room-by-room 

ventilation the bedroom has an average age of air of 1.6 h 

and an air exchange efficiency of 0.28. For the living room 

and the corridor, the room-by-room ventilation layout 

results in a mean age of air of 2.4 h and thus an air 

exchange efficiency of 0.38. All air exchange efficiencies 

are less than 0.5. All ventilation layouts are therefore not 

as effective as mixed ventilation. 

With the local air age measured at one point 𝜏𝑎𝑝 the local 

air exchange efficiency 𝜀𝑎 can be determined. Figure 11 

shows the local air exchange efficiencies for cross-room 

and room-by-room ventilation determined in the 

simulation at the measurement points in the bedroom, 

living room and corridor. The lowest local air exchange 

efficiency was achieved in the bedroom with 0.25 with 

cross-room ventilation. With room-by-room ventilation, 

the local air exchange efficiency in the bedroom was 

3 
 

2,5 
 

2 
 

1,5 
 

1 
 

0,5 
 

0 

experiment 
slightly better with 0.28. In the living room, a local air 

exchange efficiency of 0.39 was achieved with room-by- 

room ventilation and could be increased to 0.42 with 

cross-room ventilation. In the hallway, room-by-room 

ventilation resulted in an air exchange efficiency of 0.33 

and increased to a value of 0.41 for cross-room 
ventilation. 
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Figure 10 Results of the experiments and measurements of the 
room-by-room and cross-room ventilation layout for a 
switching time of 70s 

 

The air exchange efficiency 𝜀𝑎 describes the flow pattern 

in a room. With an air exchange efficiency of 1 it is a 

piston flow, with an air exchange efficiency of 0.5 it is a 
perfect mixed flow. If the air exchange efficiency is less 

than 0.5, the flow tends to a short circuit. The air exchange 

efficiency is calculated from the nominal time constant 𝜏𝑛 

 
 
 
 
 

 
Figure 11 Local air exchange efficiencies of the simulation at the 
measurement points in the bedroom, living room and the corridor 
for cross-room ventilation and room-by-room ventilation 

simulation 
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Conclusion 

With the room-by-room ventilation layout, the differences 

in the age of the air between the rooms are larger. In this 

case, the bedroom has a smaller air age as the other rooms. 

In the cross-room ventilation layout, the age of the air of 

the rooms adapts to a uniform level. Compared to room- 

by-room ventilation, the age of air in the living room and 

the corridor is lower with cross-room ventilation. From 

this it can be deduced that the room air flow in large rooms 
can be improved by cross-room ventilation. If the 

complete apartment is considered, an average age of air of 

2.2 h and an average air exchange efficiency of 0.33 result 

for the room-by-room ventilation layout. For the cross- 

room ventilation, an average age of air of 2.0 h and an 

average air exchange efficiency of 0.36 result. Regarding 

the whole apartment, a cross-room ventilation concept 

provides better ventilation. 

Like all decentralised ventilation units, PushPull-Fans 

naturally have the option of adapting the air flow for each 

room to the requirements. In addition, the ventilation units 

could be interconnected as desired. The only limitation is 

the condition that the supply and exhaust air volume flows 

of the apartment must be balanced at all times to achieve 

a maximum level of heat recovery. In ventilation concepts 

with PushPull-Fans not only the amount of air can be 

adjusted to the demand, but also the air routing. During 

the day, for example, a cross-room ventilation concept 

could be used to ensure good air quality throughout the 
dwelling. At night, a room-by-room ventilation concept is 

used to improve the air quality in the bedroom. The design 

of such new concepts will be addressed in a forthcoming 

project. 
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Abstract 

From the point of view to reduce energy consumption, 

door open while air conditioner running on commercial 

stores have a problem. To solve the problem, many 

facilities for entrance with vestibule, revolving door, air 

curtain, and door closer are utilized to reduce the energy 

loss. Among the facilities, the air curtain cuts off the 

indoor and outdoor air by discharging the wide air 

surrounding the front of the opening, thereby preventing 

the heat loss from the indoor. Although it is mainly used 

in shops, department stores, banks, hotels, etc., where 

many persons and objects are in and out, there are few 

exact measured or calculated data. The purpose of this 

study is to evaluate the safety factor for deflection 

modulus of the non-recirculating and recirculating air 

curtain, and to evaluate its optimal discharge velocity. 

To achieve this goal, the infiltration rate across the 

single-side opening were investigated quantitatively 

with air temperature differences between areas by 

transient CFD simulation and the results were compared 

with the steady-state calculation method. In addition, to 

evaluate the safety factor for deflection modulus of the 

non-recirculating and recirculating air curtain, the 

calculation model was set up and several cases with 

discharge velocity were compared. 

Introduction 

While air conditioner is running, leaving doors and 

windows open is a great way to reduce operating efficiency 

and undermine the air conditioning system's ability to bring 

the indoor to a comfortable temperature. Thus, in 

commercial stores on the sidewalks, the door open while 

air conditioner running causes a problem against the global 

trend toward an energy-saving society. However, 

merchants want to business with open the door to attract 

more customers and to increase sales as shown in Fig. 1. 

Several countries have established policies to impose 

fines on commercial store with the door open while air 

conditioner running. New York in the United States is a 

law (The New York City Council, 2015) passed in 2015 

to keep store and restaurant doors closed when their air 

conditioning is on. According to law, violators face fines 

of $250 for a first offense and up to $1,000 for an 

egregious violation. South Korea has also imposed 

penalties of up to $3,000 for violators on commercial 

store, shops, and shopping malls through a crackdown 

since 2012. 

To solve the problem, many facilities for entrance with 

vestibule, revolving door, entry heater, door closer, and 

air curtain are utilized to reduce the energy loss. Among 

the facilities, the air curtain cuts off the indoor and 

outdoor air by discharging the wide air surrounding the 

front of the opening, thereby preventing the heat loss from 

the indoor. As a thermal barrier, the air curtain can reduce 

the energy consumption of HVAC systems when areas of 

different temperatures are separated. The air curtain is 

classified by two different types of construction 

(ASHRAE Handbook, 2016): non-recirculation and 

recirculating as shown in Fig. 2. A non-recirculating type 

draws air into the unit directly from the surrounding 

environment, while a recirculating system draws air from 

ductwork, which primarily collects and returns the 

discharge air back to the inlet. Although it is mainly used 

in shops, department stores, banks, hotels, history, 

factories, etc. where many persons and objects are in and 

out, there are few exact measured or calculated data. 

The purpose of this study is to evaluate the heat blocking 

efficiency of non-recirculating air curtain for decreasing 

the infiltration rate across the door and to evaluate its 

optimal discharge velocity. To achieve this goal, the 
 

  

(a) Visible image (b) Infrared thermal image 

Figure 1: Infrared thermal image and status of door open 

while air conditioner running in a commercial store. 
 

  

(a) Non-recirculating type (b) Recirculating type 

Figure 2: Air curtain: non-recirculation type and 

recirculating type. 
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infiltration rate across the single-side opening were 

investigated quantitatively with air temperature 

differences between areas by transient CFD simulation 

and the results were compared with the steady-state 

calculation method. In addition, to evaluate the heat 

blocking efficiency of non-recirculating air curtain, the 

calculation model was set up and several cases with 

discharge velocity were compared. 

Methods 

Infiltration rate across the single-side opening 

The steady-state infiltration calculation method of 

single-side opening is proposed by various experimental 

and numerical studies and it is used to calculate the heat 

loss in the opening. Natural convection through an 

opening is caused by the temperature difference and thus 

the density difference between the air inside and outside 

the room. This effect is commonly known as the stack 

effect. 

Emswiler (1926) expressed the basic theory for natural 

convection through openings in a partition separating 

fluids at different densities. His investigation 

concentrated on multiple openings and his theory was 

based on the Bernoulli equation for ideal flow and 

introduced the concept of the neutral level. This is the 

height at which the pressure is the same either side of the 

partition as shown in Fig. 3(a). Brown and Solvason 

(1962) developed a theory of natural convection through 

single vertical rectangular openings in partitions as shown 

in Eq. 1. 
 

 Q = 
Cd

3
A√

gH∆T

T̅
 (1) 

 

Here, Q [m3/s] is the infiltration rate out of the indoor area, 

Cd [-] is the discharge coefficient, A [m2] is the opening area, 

g [m/s2] is the gravity acceleration, H [m] is the height of 

opening, ΔT [°C] is the temperature difference. 

Brown and Solvason (1963) developed a theory of natural 

convection through single vertical rectangular openings in 

partitions. They showed that a pressure profile is 

developed in the opening that is caused by the difference 

in density due to temperature difference between the 

environments on either side of the partition as shown in 

Eq. 2. 
 

 Q = 0.343A(gH)0.5 [
ρ
in

-ρ
out

ρ
avg

]

0.5

[1-0.498 (
W

H
)] (2) 

 

Here, ρ [kg/m3] is the air density, W [m] is the width of 

opening. The subscript ‘in’ used in this equation means 

indoor, ‘out’ means outdoor, and ‘avg’ means average value. 

Tamm (1996) improved on this model, calculating the 

height of the neutral level and using inside and outside 

densities for inflow and outflow, respectively, where 

appropriate, instead of an average value as shown in Eq. 3. 
 

 Q = 0.333A(gH)0.5 [
ρin-ρout

ρin
]

0.5

[
2

1+(ρout/ρin)
0.333]

1.5

  (3) 

 

Fritzsche and Lilienblum (1968), who conducted 

experiments using vane anemometers, added a correction 

factor to Tamm’s equation as shown in Eq. 4. The 

correction factor takes into account the contraction of the 

flow, friction, and thermal effects as shown in Eq. 5. 
 

 Q = 0.333Kf, LA(gH)0.5 [
ρin-ρout

ρin
]

0.5

[
2

1+(ρout/ρin)
0.333]

1.5

  (4) 

 

Kf, L=0.48+0.004(Tout-Tin) (5) 
 

Here, Kf, L [-] is the correction factor. 

Gosney and Olama (1975) provided an equation for 

constant mass flow rate and by fitting measurements with 

their model provided a different correction factor as 

shown in Eq. 6. 
 

 Q = 0.343A(gH)0.5 [
ρin-ρout

ρavg
]

0.5

[1-0.498 (
b

H
)]  (6) 

 

Pham and Oliver (1983) conducted experiments on 

airflow through refrigerated room doors and produced a 

factor of 0.68 that should be applied to Tamm’s equation 

to fit their experimental data as shown in Eq. 7. 
 

 Q= 0.226A(gH)0.5 [
ρin-ρout

ρin
]

0.5

[
2

1+(ρout/ρin
)

0.333]

1.5

  (7) 

 

Using Pham and Oliver’s equation, the infiltration load is 

calculated approximately 10 kW when the temperature 

difference is 10 °C, the height of the opening is 3.0 m, and 

the width of the opening is 1.2 m as shown in Fig. 3(b). 

However, the calculation error should be considered 

because the air flow behavior varies from time to time. 

Thus, the purpose of this section is to investigate the 

infiltration rate across the single-side opening by using 

transient CFD simulation quantitatively and to compare 

with the steady-state calculation method. 

 

  

(a) Infiltration characteristic (b) Heat loss due to infiltration 

Figure 3: Infiltration characteristic across single opening. 
 

  

(a) Calculation model (b) Concentration decay method 

Figure 4: Calculation model and method. 
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Figure 4(a) shows the numerical calculation model in this 

investigation. The calculation model consists of the 

indoor space of 2.5(x) × 2.5(y) × 2.5(z) m and the outdoor 

space of 10.0(x) × 10.0(y) × 10.0(z) m with the door of 

2.1(y) × 0.8(z) m. Table 1 shows the boundary conditions 

and calculation cases. The calculation cases are examined 

in four cases of indoor and outdoor temperature 

differences of 5, 10, 15 and 20 °C with the indoor 

temperature fixed at 20 °C. The infiltration rate through 

the doorway was calculated based on the concentration 

decay as shown in Fig. 4(b) and Eq. 8. Equation 8 is 

generally used to solve for the infiltration rate by 

measuring the tracer gas concentration periodically 

during the decay and fitting the data to the logarithmic 

form.  
 

 Cin(t)=Cin(0)∙e
-
Q
V
t
 (8) 

 

Here, t [s] is the time, Cin(0) [ppm] is the concentration in 

the indoor area at t=0, C(t) [ppm] is the tracer gas 

concentration at time t, V [m3] is the volume of the indoor 

area. 

The calculation results are also compared with the steady-

state infiltration calculation method of single-side 

opening as shown in Eq. 7 proposed by Pham and Oliver. 

Heat blocking efficiency with air curtain type and its 

optimal discharge velocity 

Air curtains reduce infiltration without taking up as much 

space as vestibules and without impeding traffic. Their 

origin dates back to a patent applied for by Van Kennel in 

1904 (Hayes and Stoecker, 1969). The air curtain cuts off 

the indoor and outdoor air by discharging the wide air 

surrounding the front of the opening, thereby preventing 

the heat loss from the indoor or preventing dust, noxious 

gas and insect from the outdoor. Thus, it is mainly used in 

shops, department stores, banks, hotels, history, factories, 

etc. where many persons and objects are in and out. This 

section is to investigate the heat blocking efficiency by 

non-recirculating air curtain and to find its optimal 

discharge velocity. 

The factors determining the heat blocking efficiency of 

the air curtain are the height and width of the opening, the 

discharge velocity, the discharge flow rate, the indoor and 

outdoor temperature differences, and the pressure 

differences. By these factors, the heat blocking efficiency 

of the air curtain is expressed as shown in Eq. 9. 
 

 η = 1 - q/q
0
  (9) 

 

Here, q [W] is the infiltration load when air curtain is not 

used, and q0 [W] is the infiltration load when the air 

curtain is used. 

To increase this value, the discharge air flow momentum 

of the air curtain should be made larger than the pressure 

difference due to the temperature difference between 

indoor and outdoor. As the discharge velocity is increased, 

the heat loss due to natural convection is reduced as 

shown in Fig. 5(a). However, if the discharge velocity 

increases above an optimal value, the heat loss is 

increased rapidly. 

 

Table 1: Solver settings for the single-side opening. 

Item Contents 

Calculation model 

2.5(x)×2.5(y)×2.5(z) m (indoor)  

10.0(x)×10.0(y)×10.0(z) m (outdoor) 

as shown in Fig. 4(a) 

Door H=2.1(y) m, b=0.8(z) m 

Meshes Approximately 600,000 

Turbulence model High-Reynolds number k-ε model 

Buoyancy Boussinesq approximation 

Time dependence Transient (Courant number < 1) 

Calculation time 100 secs 

Mass diffusivity 1.6×10-5 m2/s 

Initial condition 
k=0.0 m2/s2, ε=0.0 m2/s3 

Cin(0)=1.0, Cout(0)=0.0 

Calculation cases 
Tin = 20 ºC (fixed) 

Tout = 15, 10, 5, 0 ºC (4 cases) 

 

  

(a) Infiltration load (b) Minimum deflection modulus 

Figure 5: Infiltration load characteristic and minimum 

deflection modulus on air curtain. 
 

  

(a) Detail of air curtain (b) User subroutine for air curtain 

Figure 6: Detail of air curtain and user subroutine for 

CFD simulation.  
 

  

(a) Non-recirculating type (b) Recirculating type 

Figure 7: Simulation model with air curtain type such as 

non-recirculating and recirculating type. 
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Hayes and Stoecker (1969) were proposed mathematical 

model to assist in the design of air curtains as shown in 

Eq. 10. This model expresses the momentum of the 

discharged air from the air curtain against the pressure 

difference caused by the temperature difference, and this 

value is called deflection modulus.  
 

 Dm = 
bu

2

gH2 (
To
Tc

-
To
Tw

)
= 

ρ
o
bu

2

gH2(ρ
c
-ρ

w
)
 (10) 

 

Here, Dm [-] is the deflection modulus, b [m] is the inlet 

width of the air curtain, u [m/s] is the discharge air 

velocity, T [°C] is the air temperature. The subscript ‘o’ 

used in this equation means air curtain, ‘c’ means low 

temperature area, and ‘w’ means high temperature area. 

Hayes and Stoecker were also proposed a chart showing 

the minimum outlet momentum required to maintain an 

unbroken air curtain as shown in Fig. 5(b). This minimum 

deflection modulus should be considered a safety factor 

from the viewpoint of heat transfer, because it is to 

calculate the minimum discharge air velocity to maintain 

the air flow stably. They also suggested that it is generally 

useful to consider the safety factor of 1.3 to 2.0 to use in 

this model.  

In this section, the safety factor for the deflection 

modulus is evaluated to determine the optimal discharge 

air velocity. The calculation model is the same as shown 

in Fig. 4(a). The three-dimensional transient Reynolds-

averaged Navier-Stokes equations were solved in 

combination with the high-Re number k-ε turbulence 

model. In dealing with the buoyancy forces in the 

momentum equations, the Boussinesq approach was 

adopted, i.e., I assumed that the fluid properties are 

constant except for the density change with temperature, 

which gives rise to the buoyancy forces - this process is 

achieved using the linear relationship between the 

density and temperature changes. The boundary 

condition and calculation case are shown in Table 2. As 

shown in Fig. 6(a), the air curtain is a model of 0.2(x) × 

0.2(y) × 0.8(z) m, where the width of the outlet is 0.04 

m. The user subroutine (ANSYS, Inc., 2018) using C 

code is adopted to apply the concentration and the 

temperature inhaled from an inlet to an outlet as shown 

in Fig. 6(b). To compare the heat blocking efficiency and 

the optimal discharge velocity, simulation model is 

considered with two types of air curtain as shown in Figs. 

7(a) and 7(b). As the calculation case, the discharge 

velocity of the air curtain is changed from 1 m/s to 20 

m/s while the temperature difference between the areas 

is fixed at 20 °C (Tin=20 °C, Tout=0 °C). 

Results 

Results of Infiltration rate across the single-side opening 

Figure 8 shows the velocity profile at the vertical centerline 

of opening and concentration distribution with temperature 

difference at 20 seconds. As the results, inflow and outflow 

are separated at the neutral level, and its height is calculated 

approximately 0.9 to 1.1 m. Increasing the indoor and 

outdoor temperature difference, the indoor concentration is 

 

Table 2: Calculation cases to evaluate the heat blocking 

efficiency of air curtain. 

Item Contents 

Calculation model Same model as shown in Fig. 4(a) 

Turbulence model High-Reynolds number k-ε model 

Time dependence Transient (Courant number < 1) 

Air curtain 

0.2(x)×0.2(y)×0.8(z) m 

Outlet: 0.04(x)×0.8(z) m 

Inlet: 0.2(y)×0.8(z) m (non-recirculating type) 

Inlet: 0.04(y)×0.8(z) m (recirculating type) 

Discharge velocity 1, 2, 3, …, 20 m/s (20 cases) 

Turbulence 

variables 

I=2%, l=0.07·b m 

Here, I [%] is the turbulence intensity, l [m] 

is the length scale, and b [m] is the outlet 

width of the air curtain. 

Initial 

concentration 
Cin(0)=1.0, Cout(0)=0.0 

Temperature Tin=20 °C (fixed), Tout=0 °C (fixed) 
 

 
 

  

(a) CFD result at t=20 sec on ΔT=20 °C 

  

(b) CFD result at t=20 sec on ΔT=15 °C 

  

(c) CFD result at t=20 sec on ΔT=10 °C 

  

(d) CFD result at t=20 sec on ΔT=5 °C 

Figure 8: Concentration distribution and velocity profile.  
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leaked out to outdoor rapidly. The maximum velocity at the 

vertical centerline of opening is also increased, thus the 

infiltration rate across the single-side opening is increased 

with temperature difference.  

Figure 9 shows the infiltration rate by comparing the 

transient CFD simulation result and the theoretical value of 

the steady-state method, when the temperature difference 

between indoor and outdoor is 20, 15, 10, 5 °C. The 

calculated infiltration rate increases rapidly in the initial 

state for about 2 to 3 seconds, and then increases to 16 to 

17 seconds. After 20 seconds, it is maintained at almost the 

same value as the steady state infiltration rate. This means 

that the air flow from the outside causes a sudden heat loss 

until the indoor flow becomes steady state. The average 

value of the infiltration rate is calculated 0.4439 m3/s, 

0.3741 m3/s, 0.3108 m3/s, and 0.2251 m3/s respectively, 

when the temperature difference between indoor and 

outdoor is 20, 15, 10, 5 °C. The numerical error of the 

infiltration rate was consistent within 10% at 100 seconds 

by comparing with the theoretical value of the steady-state 

method and the transient CFD simulation result. 

Results of heat blocking efficiency with air curtain type 

and its optimal discharge velocity 

Figure 10 shows the calculation results of the pathline with 

the discharge air velocity of the non-recirculating air 

curtain, when the temperature difference between indoor 

and outdoor is 20 °C. The results show that the discharged 

air from the air curtain causes a deflection from the high 

temperature area to the low temperature area, and the 

deflection decreases with increasing the discharge air 

velocity. It means that the heat blocking efficiency of the 

air curtain is more stable, if the airflow is discharged toward 

the high temperature area. 

Figure 11 shows the calculation result of the infiltration 

rate. As the results, an optimal discharge air velocity of 

the air curtain is the point at which the outflow to the 

outdoor is minimized by natural convection. This point 

was 5.7 m/s that the air barrier is formed without any 

deflection as shown in Fig. 10. The infiltration rate was 

0.1048 m3/s at this point. It means that the infiltration rate 

of 0.4422 m3/s when the single-side opening is opened, 

can be decreased to 0.1048 m3/s using the non-

recirculating air curtain.  

Figures 12(a) and 12(b) show the comparison of the heat 

loss and heat blocking efficiency with the discharge air 

velocity between the non-recirculating and recirculating air 

curtain, respectively. The maximum heat blocking 

efficiency of non-recirculating air curtain having a value of 

H/b=52.50 (H=2.1 m, b=0.04 m) is calculated 

approximately 76.3% and the case of recirculating air 

curtain is calculated approximately 82.2%. As these results, 

the optimal discharge air velocity is confirmed as 5.7 m/s 

in case of non-recirculating air curtain and it is also 

confirmed as 6.0 m/s in case of recirculating air curtain. 

Figure 13 shows the concentration distribution at 20 

seconds and velocity profile at the vertical centreline of 

opening when the discharge air velocity of the non-

recirculating air curtain is 5.7 m/s. As the results, inflow 

and outflow are separated at approximately 0.70 m.  

 

  

(a) ΔT=20 °C (b) ΔT=15 °C 

  

(c) ΔT=10 °C (d) ΔT=5 °C 

Figure 9: Infiltration rate with temperature difference at 

the single-side opening. 
 
 

  

(a) 1 m/s (b) 2 m/s 

  

(c) 3 m/s (d) 4 m/s 

  

(e) 5 m/s (f) 6 m/s 

Figure 10: Pathline with the discharge air velocity of the 

non-recirculating air curtain 
 

  

(a)  Infiltration rate over time 

with the discharge air velocity 

(b) Infiltration rate with the 

discharge air velocity 

Figure 11: Calculation results of the infiltration rate. 
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Moreover, Fig. 14 shows the concentration distribution 

at 20 seconds and velocity profile at the vertical 

centreline of opening when the discharge air velocity 

of the recirculating air curtain is 6.0 m/s. As the results, 

inflow and outflow are separated at approximately 0.55 

m. The indoor concentration is leaked out to outdoor 

slowly as compared with no air curtain case as shown 

in Fig. 8(a). Moreover, the maximum velocity at the 

vertical centerline of opening is also decreased less 

than no air curtain case. 

Discussion 

In this study, the infiltration rate across the single-side 

opening with air temperature differences between areas 

was evaluated by numerical simulation. Although the 

infiltration rate has a high value before reaching the 

steady state of indoor air distribution, it was kept a value 

similar when the air distribution reaches the steady state 

with the theoretical value by Pham and Oliver (1983). 

In this study, the heat blocking effectiveness of non-

recirculating air curtain was also evaluated. When the 

outlet angle of the air curtain is 0°, the minimum 

deflection modulus shown in Fig. 5(b) can be expressed 

by a regression equation as shown in Eq. 11. 
 

(Dm)min = 
(ρobu

2)
min

gH2(ρc-ρw)
 ≈ -0.016 ln (

H

b
) +0.2162  (11) 

(R2=0.9882)  
 

To evaluate the safety factor for deflection modulus of the 

non-recirculating air curtain, this study is also calculated 

with inlet width of the air curtain, such as H/b=13.13, 

26.25, 52.50, 105.00. Figure 15 shows the calculation 

results with H/b of air curtain. As the results, the optimal 

discharge air velocity was calculated 3.1 m/s, 4.2 m/s, 5.7 

m/s, 8.0 m/s (H/b=13.13, 26.25, 52.50, 105.00), 

respectively. It means that the discharge air velocity 

should be increased as the inlet width of the air curtain 

gets narrower. A maximum heat blocking efficiency was 

also calculated approximately 80.9%, 78.6%, 76.3%, 

74.4% (H/b=13.13, 26.25, 52.50, 105.00), respectively. 

As increasing the value of H/b, the heat blocking 

efficiency was increased. 

From the results, the safety factor for deflection modulus 

of the non-recirculating air curtain was calculated 

approximately 2.75 as shown in Fig. 16. This value was 

higher than the proposed value as 1.3~2.0 by Hayes and 

Stoecker (1969), and value as 2.2 by Foster et al. (2006). 

Using this value and the estimated regression equation 

from Eq. 11, the optimal discharge air velocity could be 

expressed as Eq. 12. Moreover, the safety factor for 

deflection modulus of the recirculating air curtain could 

be also calculated as same way. 
 

 u* = √
gH2(ρc-ρw)∙[-0.016 ln(

H

b
)+0.2162]∙2.75

ρob
 (12) 

 

Here, u* [m/s] is the optimal discharge air velocity for non-

recirculating air curtain to maximize the heat blocking 

efficiency. 

 

  

(a) Heat loss (b) Heat blocking efficiency 

Figure 12: Comparison of heat blocking efficiency. 
 

  

Figure 13: Concentration distribution and velocity profile at 

20 seconds when the discharge air velocity of the non-

recirculating air curtain is 5.7 m/s. 
 

  

Figure 14: Concentration distribution and velocity profile at 

20 seconds when the discharge air velocity of the 

recirculating air curtain is 6.0 m/s. 
 

 

  

(a) Infiltration rate (b) Heat blocking efficiency 

Figure 15: Calculation results with H/b of non-

recirculating air curtain. 
 

 

Figure 16: Calculation results of the safety factor for Dm 

of non-recirculating air curtain. 
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Conclusion 

From the point of view to reduce energy consumption, 

door open while air conditioner running on commercial 

stores have a problem. However, merchants want to 

business with open the door to attract more customers and 

to increase sales. This paper had investigated the 

infiltration rate across the single-side opening by using 

transient CFD simulation. Moreover, this paper has 

also evaluated the heat blocking efficiency of non-

recirculating and recirculating air curtain. The 

following conclusions can be drawn from the results of 

the study: 

1. The infiltration rate across the single-side opening 

has a high value before reaching the steady state of 

indoor air distribution, and it was kept a value 

similar to the theoretical value of the steady-state 

method when the air distribution reaches the steady 

state. 

2. The numerical error of the infiltration rate was 

consistent within 10% by comparing with the 

theoretical value of the steady-state method and the 

transient CFD simulation result. 

3. Heat loss due to infiltration across the single-side 

opening can be reduced about 80% by using a non-

recirculating air curtain. Moreover, the heat loss due 

to infiltration across can be more reduced by using 

the recirculating air curtain. 

4. The safety factor for deflection modulus of the 

non-recirculating air curtain was calculated 2.75. 

Using this value and the deflection modulus 

equation, the optimal discharge air velocity for 

non-recirculating air curtain can be calculated 

simply. Moreover, the safety factor for deflection 

modulus of recirculating air curtain could be also 

calculated as same way. 
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Abstract 

The adjoint method can determine design variables of an 

indoor environment according to the optimal design 

objective, such as minimal predicted mean vote (PMV) 

for thermal comfort. The method calculates the gradient 

of the objective function over the design variables so that 

the objective function can be minimized along the fastest 

direction using an optimization algorithm. Since the 

objective function is controlled by the Reynolds-

averaged Navier-Stokes (RANS) equations with the 

RNG k-ε model during the optimization process, all the 

corresponding adjoint equations should be solved, rather 

than the “frozen turbulence” assumption used in 

previous studies. This investigation developed adjoint 

equations for the RNG k-ε turbulence model and applied 

it to a three-dimensional, two-person office. Design 

processes with the adjoint RNG k-ε turbulence model led 

to a near-zero design function, while the case with the 

“frozen turbulence” assumption did not. This 

investigation has successfully used the new method to 

design a two-person office with optimal thermal comfort 

level around the two occupants. 

Introduction 

To create a thermally comfortable and healthy indoor 

environment, conventional designs use a trial-and-error 

process (Liu et al., 2015) that assumes certain thermo-

fluid boundary conditions (B.C.), such as air supply inlet 

size, number, and locations, air supply velocity and 

temperature, etc. An appropriate method is then used to 

estimate the resulting distributions of air temperature, 

velocity, relative humidity, and contaminant 

concentrations. The trial-and-error process is very time 

consuming because the assumed thermo-fluid B.C. may 

not be desirable. Recently, inverse or optimal design 

processes (Chen et al., 2017) have emerged, such as the 

computational fluid dynamics (CFD)-based (Chen 2009) 

genetic algorithm (GA) method (Xue et al., 2013), CFD-

based proper orthogonal decomposition (POD) method 

(Wei et al., 2016), CFD-based artificial neural network 

(ANN) method (Zhang and You, 2014), and adjoint 

method(Liu et al., 2016). 

To design a desirable indoor environment, the CFD-

based GA method must calculate a large number of 

samples, and the number of calculations increases 

exponentially with the number of design variables. To 

reduce computing effort, Wei et al. (2016) developed a 

CFD-based POD method that can transform the 

nonlinear problem into a linear one and build a cause-

effect mapping relationship between the objective 

function and design variables. Since it is a reduced-order 

method, the accuracy of this method is greatly reduced. 

The CFD-based ANN method can also build the 

mapping relationship between the objective function and 

design variables, in this case by selecting a certain 

number of samples to train the ANN model. With a well-

trained ANN model, the design objective can be 

predicted without CFD calculations. However, the 

accuracy of this method depends on the number of 

samples. In addition, the mapping relationship 

established by either the CFD-based POD method or the 

CFD-based ANN method is applicable only to a specific 

case. For a different case, the relationship would change. 

The adjoint method can quickly find the optimal design 

of an indoor environment using an optimization 

algorithm without building a mapping relationship for 

each new problem, although it may become trapped in 

local optima (Liu et al., 2016). The adjoint method is the 

most efficient and suitable method for the inverse design 

of a thermally comfortable and healthy indoor 

environment.  

The adjoint method was developed recently (Liu and 

Chen, 2015) for inversely designing an indoor 

environment by solving a set of Navier-Stokes equations 

and adjoint equations, alternatively. The adjoint 

equations are derived from the continuous Navier-Stokes 

equations (Nadarajah and Jameson, 2000). Liu and Chen 

(2015) used the adjoint method to inversely identify the 

thermo-fluid B.C. required to achieve the optimal design 

of ventilation for an enclosed environment. Liu et al. 

(2015) then adopted this method to improve the thermal 

comfort level for an airline cabin. Zhao et al. (2018) also 

attempted to use the adjoint method combined with area-

constrained topology and cluster analysis to design a 

thermally comfortable indoor environment. However, 

the results of these studies indicated that this method 

cannot make the objective functions reach the ideal 

values. One reason may be that the objective functions 

become trapped in local optima. Another reason may be 

that the adjoint method, which was used in previous 

studies (Liu and Chen, 2015; Liu et al., 2015; Zhao et al., 

2018; Zhao et al., 2017; Othmer, 2008), derives only the 

adjoint equations of the RANS equations with the 

“frozen turbulence” assumption. With the assumption, 

the k and ε will not feel changes of the design variables 
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and use the solution (k and ε) of the flow equations when 

the adjoint equations are solved. The assumption can 

reduce deriving manually effort (Othmer, 2008; Kim et 

al., 2003) by neglecting variations in the turbulent 

variables. However, this method can provide only 

approximate gradients, or even incorrect gradients, 

which may not lead to global optima for the design. 

A variant of the method is the discrete adjoint method 

(Dwight and Brezillon, 2006), which first discretizes the 

Navier-Stokes equations and then derives the discrete 

adjoint equations from the discrete Navier-Stokes 

equations. Since the discrete adjoint method derives the 

complete adjoint equations that include the adjoint 

equations for calculating turbulent viscosity, it can 

provide accurate gradients (Towara and Naumann, 2013). 

However, it requires a large amount of computational 

memory, which may not be affordable in practice. To 

obtain accurate gradients and reduce computational 

memory, one option is to develop a continuous adjoint 

method without using the “frozen turbulence” 

assumption (Papadimitriou and Giannakoglou, 2007). 

Since the turbulent viscosity νt (m
2
/s) in the momentum 

equation can be solved by introducing an appropriate 

turbulence model, some studies have derived the 

complete continuous adjoint equations with an 

appropriate adjoint turbulence model. Zymaris et al. 

(2009; 2010) proposed a Spalart-Allmaras one-equation 

adjoint turbulence model and a standard k-ε adjoint 

turbulence model to minimize duct pressure losses. 

Papoutsis-Kiachagias et al. (2015) developed a low-

Reynolds-number Launder-Sharma k-ε adjoint 

turbulence model to optimize duct shape, with the aim of 

minimizing viscous losses. All these applications have 

proved that an appropriate adjoint turbulence model can 

provide an accurate gradient of the objective function 

over the design variables. However, none of the above 

turbulence models is suitable for inversely designing an 

indoor environment. Chen (1995), Conceição et al. 

(2016), Zhang et al. (2013) and Zhang et al. (2007) 

compared different turbulence models and found that the 

RNG k-ε turbulence model shows the best overall 

performance for solving indoor airflow among various 

RANS models. In addition, there do not have the 

corresponding adjoint equation. Therefore, this study 

aimed to develop an adjoint RNG k-ε turbulence model 

for inversely designing an indoor environment. 

Methods 

Adjoint method with adjoint RNG k-ε turbulence 

model 

To design an indoor environment using the adjoint 

method, we must first construct a suitable objective 

function. For example, the objective function J (unit less) 

is a desirable distribution of air velocity V (m/s) and 

temperature T (K) in the design domain Θ: 

 
Θ

( , d)J f T ξ V    (1) 

where ξ is a vector that represents the design variables, 

such as air supply inlet size, number, and locations; air 

supply velocity, Vinlet (m/s); air supply temperature, Tinlet 

(K), etc., that could lead to the desirable distribution. In 

this study, air velocity V and temperature T in the design 

domain Θ, as shown in Eq. (1), are controlled by the 

incompressible, steady-state RANS equations closed 

with the RNG k-ε turbulence model (Yakhot et al. 1992). 

To minimize the objective function as shown in Eq. (1), 

this investigation used the steepest decent method 

(Ortega and Rheinboldt, 1970) as shown in Eq. (2) to 

update the design variables. Therefore, the adjoint 

method was used to calculate the gradients used in Eq. 

(2). 

n 1 n n

n

dJ

d
 ξ ξ

ξ
   (2) 

where ξn, ξn+1 are design variables at current and 

succeeding design cycles, respectively; n represents the 

design cycle and λ is the constant step size. 

The adjoint method introduces an augmented objective 

function L as shown in Eq. (3) and transforms the 

constrained design problem into an unconstrained 

optimization problem. 

   a a
Ω

a a,L J p , ,T ,, dk Ω   aV N R            (3) 

where Ω represents the computational domain and pa (s), 

Va (s
2
/m), Ta (s/K), ka (s

3
/m

2
), and εa (s

4
/m

2
) are the 

adjoint pressure, adjoint velocity, adjoint temperature, 

adjoint turbulence kinetic energy, and adjoint rate of 

dissipation of turbulent energy, respectively; N 

represents the incompressible, steady-state RANS 

equations in residual form; and R represents the residual 

form of the RNG k-ε turbulence model equations. 

From Eq. (3) we can then derive the following adjoint 

equations of the RANS equations closed with the RNG 

k-ε turbulence model. Detailed intermediate derivation 

process of the adjoint equations can be found in Zhao 

and Chen (2019). 

 Adjoint continuity equation: 

J
0

p


  


a

V

  

 (4) 

 Adjoint momentum equation: 

    

 

 

a a a

ji

a a a 1 t

j j i

3 4 22 3
00

a 3 2
3

j

p 2 D T T k k

VV J
k C

x k x x

/ 3

2

C
1

3 4 /
0

x 1

eff








   

  




   


 



        

     
       




       

    
 
 



 
 
 


 

 

a a a
V V V V V

V       

(5) 

 Adjoint energy equation: 
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 Adjoint turbulent kinetic energy equation: 
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 Adjoint equation for the dissipation rate of 

turbulent kinetic energy: 
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In these equations, p (m
2
/s

2
) represents the air pressure; 

D(V) = (∇V+(∇V)
T
)/2 is the rate of strain tensor; k 

(m
2
/s

2
) is the turbulent kinetic energy; ε (m

2
/s

3
) is the 

turbulent energy dissipation; cμ = 0.0845; η0 = 4.38; β = 

0.012; Cε1 = 1.42; Cε2 = 1.68; Cε3 = 1; Pk is the shear 

production rates of the turbulence kinetic energy; Prt 

turbulence Prandtl number for temperature. We also give 

final gradient of the augmented objective function over 

the design variables: 
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where Vinlet, i is the inlet air velocity in the ith direction, i 

= x, y, z; Sinlet is the outward-pointing face area vector of 

inlet cell; pa, inlet, Va, inlet, Ta, inlet, ka, inlet and εa, inlet are the 

adjoint pressure, adjoint velocity, adjoint temperature, 

the adjoint turbulent kinetic energy and the adjoint 

turbulent energy dissipation rate at the cell adjacent to 

the corresponding boundary face, respectively; kinlet and 

εinlet are the turbulent kinetic energy and the turbulent 

energy dissipation rate at inlet boundary face, 

respectively; dn is the direction vector between an inlet 

cell center and the boundary face center; ei is the unit 

vector in the i
th

 direction, i = x, y, z; Volinlet is the inlet 

cell volume. When the RANS equations closed with the 

RNG k-ε turbulence model and the adjoint equations are 

numerically solved in succession, all state fields and 

adjoint fields needed for calculating the gradient of the 

objective function over the design variables are available. 

Adjoint boundary conditions 

The adjoint inlet boundary conditions are that zero pa, Va, 

Ta, ka, and εa along the inlet. Va, Ta, ka, and εa are set to 

zero and zero gradient boundary condition of pa at the 

wall. While the adjoint outlet boundary conditions can 

be determined by: 
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Numerical method 

The adjoint method with the “frozen turbulence” 

assumption and the adjoint RNG k-ε turbulence model 

were previously implemented in OpenFOAM (Open 

Field Operation And Manipulation) (2012). The 

convection and diffusion terms of the RANS equations 

closed with the turbulence model and adjoint equations 

were discretized by the first-order upwind scheme and 

the central difference scheme, respectively. Previous 

studies (Liu et al., 2015; Liu et al., 2016; Liu et al., 2016; 

Liu and Chen, 2015; Liu et al., 2015; Zhao et al., 2018; 

Zhao et al., 2017; Othmer, 2008) all used the first-order 

upwind scheme to discretize the convection terms of 

both set of equations and none of the studies have not 

reported any accuracy issues. Thus, we used the same 

scheme and did not explore high-order numerical 

scheme. The Boussinesq approximation (Boussinesq, 

1903) was used to simulate the thermal plume generated 

by the temperature difference. The convergence criterion 

was set as |Jn-Jn-1| < δ (where n ≥ 2 and δ = 10
-3

), where 

Jn-1, Jn are the objective function at previous and current 

design cycles, respectively. 

Results 

In order to verify the performance of the adjoint RNG k-

ε turbulence model for inverse design of an indoor 

environment, this study first tested the proposed method 

by applying it to a two-person office (Yuan et al. 1999). 

The three-dimensional ventilated office represents a 

complete indoor environment with complex geometries 

and displacement ventilation. To prove the accuracy of 

the proposed method and the necessity of developing a 

new method, the adjoint method with the “frozen 

turbulence” assumption was conducted as a comparison. 

Finally, this study used the validated method to inversely 

design an optimal indoor environment for the two-person 

office. 

Three-dimensional ventilated office 

The first case is a three-dimensional ventilated office, as 

shown in Figure 1, with experimental data (Yuan et al., 

1999). In the experiment, the office was ventilated by a 

displacement ventilation system (Zhang et al., 2009) 
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with an air supply velocity of Vinlet = (0.09, 0, 0) m/s and 

air supply temperature of Tinlet = 17 ºC. The air was 

supplied through a wall diffuser at floor level and 

exhausted through an outlet at ceiling level. This office 

was more complicated and closer to reality, although the 

occupants, computers, cabinets, and lights were all 

simplified as rectangular boxes. Therefore, it was more 

practical to use this office for inversely identifying the 

optimal air supply parameters. Similar to the previous 

case, we used CFD simulation results (the predicted air 

velocity V0, ii (vector) and air temperature T0, ii in a design 

domain) along lines 1, 3, 5, 7, and 9 to construct the 

objective function as expressed by Eqs. (15) and (16). 

We used a structured grid of hexahedral elements in this 

geometric model, with 272,513 cells according to our 

grid-independence tests. 

 

Figure 1:  Schematic of a two-person office, and the 

design domain location where the numbers 1 to 9 

indicate locations where air velocity and temperature 

profiles were measured in the experiment. 

   
m m

2 2

1 norm ii 0,ii 0,2 norm ii

ii 1

i

i 1

i
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J W V W T T T
 

   ξ V V    (15) 

where 

 
norm norm2 2

inlet, a mx m x in

1 1
V ;T

V T T
 


       (16) 

where W1 and W2 are the weighting factors, assumed to 

be 0.5 in this study; Vnorm and Tnorm are the normalization 

factors; and Tmax and Tmin are maximum and minimum 

temperatures on the boundary, respectively; m is the 

total number data in the design domain; Vii and Tii are 

the inversely designed results in the design domain, in 

this case, respectively. 

To start the inverse design process, the inlet B.C. were 

initialized as Vinlet = (0.5, 0, 0) m/s and Tinlet = 20ºC. 

Note that the step sizes for updating Vinlet and Tinlet 

were 0.02 and 100, respectively. Figure 2 shows the 

variation in the objective function with the design cycle 

during the inverse design process, with the “frozen 

turbulence” assumption and with the adjoint RNG k-ε 

turbulence model. The convergence speed with the 

“frozen turbulence” assumption was ten times faster than 

that the adjoint RNG k-ε turbulence model. This 

occurred because the gradients calculated with the 

“frozen turbulence” assumption were larger than those 

calculated with the adjoint RNG k-ε turbulence model in 

the first two design cycles. However, with the adjoint 

RNG k-ε turbulence model, one could obtain an 

objective function close to zero. 

 

Figure 2: Variation in the objective function with the 

design cycle for the three-dimensional ventilated office 

case. 

Table 1: Design variables identified by two methods 

compared with experimental B.C. 

 Vinlet, x 

(m/s) 

Vinlet, y 

(m/s) 

Vinlet, z 

(m/s) 

Tinlet 

(ºC) 

With the “frozen 

turbulence” 

assumption 

0.11 3.0E-4 2.5E-6 17.45 

With the adjoint 

RNG k-ε 

turbulence model 

0.098 6.1E-6 2.1E-6 17.36 

Experimental 

data 
0.09 0 0 17.00 

As shown in Table 1, the air supply parameters finally 

identified by the adjoint RNG k-ε turbulence model were 

close to the experimental data. We then used these 

parameters to conduct CFD simulations to determine 

whether the identified air supply parameters formed the 

same air distribution as the results with experimental 

B.C. Figure 3 quantitatively compares the predicted air 

velocity and air temperature profiles with the 

experimental profiles at the center of the room (line 3) as 

an example. The air supply parameters identified by the 

adjoint RNG k-ε turbulence model were much better 

than those with the “frozen turbulence” assumption. 

 

 

Figure 3: Comparison of air velocity and temperature 

profiles predicted by the experimental B.C. from Yuan et 

al. (1999) and the air supply parameters identified by 

the adjoint method with the “frozen turbulence” 
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assumption and with the adjoint RNG k-ε turbulence 

model with the experimental data in the center of the 

room. 

Inverse design of a comfortable indoor environment 

for the three-dimensional ventilated office 

Using the validated adjoint RNG k-ε turbulence model, 

this investigation next conducted an optimal design of 

the indoor environment for the two-person office. In the 

optimal design process, the design domain was the 

surfaces at a distance of 0.1 m away from the occupants, 

as shown in Figure 4. We used the predicted mean vote 

(PMV) (Fanger, 1982) to evaluate the thermal comfort 

level in the domain. The range of PMV values is from -3 

to 3, and PMV = 0 signifies a high comfort level. Our 

design goal was to identify the optimal ξ (air supply 

velocity Vinlet and air supply temperature Tinlet) that 

would make the average |PMV| in the design domain 

close or equal to zero. Thus, the objective function can 

be expressed by 

 
PMV d

J
d













ξ    (17) 

For a comfortable indoor environment, the air quality 

must satisfy the design criteria. According to the 

ASHRAE Handbook (2011), the general design criterion 

used for office buildings is at least 4 air changes per hour, 

and the corresponding face velocity for this office was 

0.086 m/s. Therefore, we added this constraint (Vinlet, x ≥ 

0.086 m/s) to insure indoor air quality during the inverse 

design process. 

 

Figure 4: Schematic of a two-person office and inverse 

design domain. 

Figure 5 depicts the variation in the objective function 

with the design cycle during the inverse design process. 

The inverse design process achieved the convergence 

criterion after 18 design cycles. The final objective 

function minimized by the adjoint method with the 

adjoint RNG k-ε turbulence model was 0.122 and did not 

achieve zero. The reason may be that the objective 

function was trapped in local optima. The final B.C. 

identified were Vinlet = (0.184, 0.0, 0.0) m/s and Tinlet = 

295.16 K. 

 

Figure 5: Variation in the objective function with the 

design cycle during the optimal design processes with 

the adjoint RNG k-ε turbulence model. 

Figure 6 depicts the PMV distributions around the 

occupants inversely designed by the adjoint method with 

the adjoint RNG k-ε turbulence model. The mean PMV 

value around the occupant is 0.122 and PMV 

distributions are all near zero. Hence, the adjoint method 

with the adjoint RNG k-ε turbulence model has good 

performance in the optimal design of the indoor 

environment. 

 

Figure 6: PMV distributions around the occupants 

inversely designed by the adjoint method with the adjoint 

RNG k-ε turbulence model. 

Discussion 

The adjoint RNG k-ε turbulence model improved the 

optimal design accuracy, but it could not overcome the 

inherent disadvantages of the adjoint method. The 

objective function could also become trapped in local 

optima. If the initial design variables were far away from 

the optimal values or the step size was not appropriate, 

the calculation might not lead to the optimal design. 

This study used only PMV to evaluate the thermal 

comfort level and to add a constraint to ensure that the 

indoor air quality met the standard. With the adjoint 

method, one could add further design objectives without 

increasing the computing costs. 

The design variables determined in the “inverse design 

of a comfortable indoor environment for the three-

dimensional ventilated office” section did not make the 

objective function equal to zero. This result may imply 

that the constraints were too restrictive. For example, the 

design process did not allow changes in the position, size, 

or shape of the air supply inlets. 
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For the same case with different objective functions in 

two sections, the convergence speed is not comparable. 

This was because the relationship between the objective 

function and the design variables was not explicit. 

Conclusion 

This investigation developed an adjoint RNG k-ε 

turbulence model for the adjoint method for optimal 

design of the indoor environment. The following 

conclusions can be drawn from this study: 

The design process with the adjoint RNG k-ε turbulence 

model identified design variables that were more 

accurate than those identified with the “frozen 

turbulence” assumption. However, the design variables 

identified with the “frozen turbulence” assumption were 

more stable during the inverse design process. 

The adjoint method with the adjoint RNG k-ε turbulence 

model can be used to design the optimal indoor 

environment for an office. Design objective could 

include air velocity distribution, temperature distribution, 

and the combination of variables calculated by CFD, 

such as thermal comfort, indoor air quality, etc. 

The design variables must not be overly restrictive. 

Otherwise, the objective functions may not reach zero, 

even after numerous design cycles. 
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