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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 crosscontamination 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 steadystate 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 3dlaser-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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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.
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
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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 steadystate 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.

________________________________________________________________________________________________
573
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________
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).
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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

________________________________________________________________________________________________
574
Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

________________________________________________________________________________________________

Figure 8: The simulated tracer gas concentrations under the Fan_on_12/h_29°C case.
(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 lefthand 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 cloudlike 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.
10/h_26°C
10/h_29°C
12/h_26°C
Fan_off
Fan_on

12/h_29°C
0

5
10
15
CO2 concentration [ppm]

20

25

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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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.
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10/h_29°C
12/h_26°C
Fan_off
Fan_on

12/h_29°C
0
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40
60
N2O concentration [ppm]
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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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