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Abstract: A CFD model was built of Creaform’s new headquarters in order to validate the design and ensure thermal comfort.
The distinctive building comprises very large fenestration and dense periphery occupancy, which led to questioning during
the design phase regarding the performance of heating and air conditioning through the air diffusers to ensure the thermal
comfort of periphery occupants. A CFD model of an open workspace, built with STAR-CCM+ software, simulates critical
winter and summer thermal environments. A 1-D thermophysiological model is coupled with the 3D solutions to provide
body-part-specific comfort evaluation of periphery occupants (Local Mean Vote). The model predicts a proper comfort level
for the critical winter scenario, and comfort level is higher with triple-glazed windows versus double-glazed. In the critical
summer scenario including internal loads and solar radiation, the south-facing window properties has shown to have a strong
influence on thermal comfort of periphery occupants’ upper body parts.
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INTRODUCTION
The design of a new building is tuned to maximize the
quality of the occupant experience, and this brings
challenges from a thermal comfort perspective.
The test case presented in this paper is a new office building
located in Levis (Québec, Canada). Its construction began
in November 2016 and over 350 employees transferred
over in November 2017. The building provides quality
views of the exterior, plenty of natural light, functional and
warm shared areas as well as dynamic and collaborative
working environments. The distinctive attribute of the
building is its connection to the forested external
environment. A high percentage of green area was
preserved when planning implementation and the
vegetation remains very close to the building, providing
quality views for the occupants and acoustic comfort (see
Figure 2). The implementation also targeted an optimal
orientation to provide this privileged contact with nature
through a very large south facing window and central
skylights.
The close connection to the environment brings thermal
comfort and design challenges, especially in northern
territories. The need for a very specific validation such as
provided by CFD (Computational Fluid Dynamics)
emanated from the particular design of the building
comprising low ceilings with apparent wood structure, very
large fenestration and dense periphery occupancy. The
design team faced uncertainties as to whether or not the
heating and cooling through high induction diffusers and
the absence of perimeter heating under the windows would
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compromise the thermal comfort. This is where CFD came
into play. The present paper describes the simulations
performed on the open workspace located on the 2nd story,
south-west corner of the building. The CFD simulations,
using STAR-CCM+ software, model the air supply through
high induction diffusers, solar radiation through
fenestration, conduction through walls and roofing and
internal loadings. The 3D modeling is coupled with a 1-D
thermophysiological model that provides body-partspecific comfort evaluation for four occupants positioned
along the exterior walls. The evaluation of body-partspecific thermal comfort is made possible by the CFD
simulation, which provides air velocity field, temperature
distribution and surface radiant conditions at any point in
the room. The important level of insights provided by the
coupling of the CFD model and the 1-D
thermophysiological model allows to make well-informed
design decisions, focused on the occupant well-being.

Figure 1 : Exterior rendering of the building (Image
courtesy of Coarchitecture)
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Figure 2 : Connection of the interior areas to the exterior environment (Image courtesy of Coarchitecture)
A few studies have been performed on thermal comfort in
offices or test rooms using CFD. Most of them use the two
main indices for thermal comfort: the PMV (Predicted
Mean Vote) and the PPD (Predicted Percentage of
Dissatisfied) (Catalina et al., 2009; Teodosiu et al., 2015).
The level of detail obtained with precise CFD simulation
allows to target a local evaluation of comfort such as the
LMV (Local Mean Vote), which has not been used widely
in CFD studies of large rooms. A noticeable use of the
LMV by Metzmache et al. (2017) is in the context of realtime assessment of thermal comfort using thermal imagery,
another context where very local data is available. Many
scholars and practitioners have successfully used LMV or
local evaluation of PMV in the context of vehicle’s indoor
environment (Han et al., 2010; Zhang et al., 2017). The
present analysis uses such methods to discretize thermal
comfort in a large area: an open workspace in an office. The
postulate is that the large south-facing window creates
variations of the radiant temperature conditions on the
different body parts, and that the design can be optimized
accordingly.

Figure 3 : Focus of the simulations on the 2nd story southwest corner (Image courtesy of Coarchitecture)
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CFD MODEL
The CFD model sets the physical environment required to
assess the thermal comfort of the occupants. The
simulations were performed using STAR-CCM+, a multidisciplinary simulation software. It integrates a CFD solver
based on a finite-volume method, as well as numerous
complementary models including a thermal comfort model.

Domain
The numerical domain considered for the simulations is an
open work space accommodating about 60 occupants and
located on the 2nd story south-west corner of the building
(see Figure 3). This particular section of the building was
chosen for the following reasons:
 It is one of the largest rooms and it accommodates a
lot of occupants, including many positioned
within 1.5m of large south-facing window;
 The room is most exposed to external conditions
because positioned in the corner and subjected to
the largest solar loads for the summer scenario;
 It has important internal heat loads for the summer
scenario (occupants, computers, lights);
 Heating and cooling is achieved through the
ventilation with high induction diffusers;

Figure 4 : Simulation Domain
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Physics
The air flow governing equations (Navier-Stokes) are
solved with a segregated flow model, which uses a
predictor-corrector approach to link the momentum and
continuity equations. A segregated fluid energy model
solves the total energy equation with temperature as the
solved variable. Second order upwind convection
discretization scheme are used for both the flow and energy
equations. The Boussinesq approximation is used to
account for buoyancy effects. Turbulence is treated using
the k-epsilon model within a traditional RANS (Reynoldsaveraged Navier-Stokes) approach, meaning that the
temporal variations are represented in an averaged manner.
This formulation considers the global effects of turbulent
structures, overcoming the chaotic and unsteady nature of
these structures. The realizable k-epsilon model is a 2equations closure models allowing to represent the
Reynolds tensions using the concept of eddy viscosity. The
k-epsilon model is used in combination with wall functions
and y+ values at surfaces between 30 and 100. Surface-tosurface radiation heat transfer is modeled using the gray
thermal radiation model. It simulates diffuse radiation
independently of wavelength, thus considering uniform
surface radiation properties across the spectrum. Finally, a
passive scalar model is used in order to evaluate residence
time, making it possible to evaluate the ventilation
performance in the room. The passive scalar is defined on
each numerical cell and increases steadily over time with a
source term, mimicking a virtual clock for every part of the
room. Averaging the age of air for the entire room and
using the nominal time constant, one can calculate the air
change effectiveness of the distribution system.

Boundary Conditions
External Boundaries
The domain is limited to the interior air volume, such that
an environment boundary condition for heat transfer is used
on the external walls and windows. This formulation allows
to model both the convection and radiation heat transfer
between the external sides of the domain and the
environment. It can thus account for radiative transfer to
and from both surface sides and log distinct surface
temperatures for each side.
The conduction through exterior walls is accounted for
using a thermal resistance value, thus neglecting the inplane conduction through the walls and windows. R-values
of the different boundaries are provided in Table 1.
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Table 1: R-Values for external boundary conditions
Boundary

ࡾ െ ࢂࢇ࢛ࢋ
[m²· K/W (ft2·°F·h/Btu)]

Exterior Walls

5.07 (28.8)

Roof

5.64 (32.0)

Spandrel panel

3.70 (21.0)

Double-glazed windows

0.65 (3.7)

Triple-glazed windows

1.36 (7.7)

External convection is treated with a constant heat transfer
coefficient calculated from empirical formulas for mixed
boundary layer conditions. The surface area and film
temperature are adapted for each scenario in order to
provide the coefficient using the formulas of Incropera and
DeWitt (2002). In the winter scenario, a wind speed of 6.7
m/s is considered (Extreme annual WS 5% of nearest
meteostation, ASHRAE Handbook, 2013) and provides a
heat transfer coefficient of 33 W/m²-K (see Figure 5).

Figure 5 : Outside heat transfer coefficient as a function of
wind speed.
As for radiation, all the boundaries are characterized with
surface emissivity, reflectivity and transmissivity. The heat
gain from fenestration is considered at normal incidence for
3 cases showed in Table 2. For the winter scenario, the
effective radiation temperature of the environment is taken
to be the clear night sky temperature calculated from
Goforth et.al. (2002) and is calculated to be -70°C. In the
summer scenario, the solar load was applied for two
different periods of the day using a solar calculator for the
specific location of the building. The noon case provides an
elevation of 63° and a direct solar flux of 1179 W/m². The
10 AM case provides an elevation of 26° and direct solar
flux of 585 W/m². The two cases were simulated, and the
later showed to be more demanding on the cooling system
due to the more penetrating rays. The 10 AM case is thus
used for the critical summer scenario.
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Table 2 : Triple-glazed windows surface properties used
in the model for 3 different cases
Clear

Low-e
(#2 and #4)

Solar
shades

Transmittance

0.6

0.23

0.024

Reflectance
Exterior

0.17

0.30

0.59

Reflectance
Interior

0.17

0.34

0.70

Absorptivity
Exterior

0.23

0.47

0.39

0.23

0.43

0.27

Absorptivity
Interior
Internal Boundaries

The winter scenario does not consider any internal loads.
The summer scenario uses 148W of dissipation per
workstations (2/3 – 1/3 for the computer – screen
proportion), a total lighting load of 2238W and a load of
132W per occupant. The boundaries for the high induction
diffusers are imposed directly at the diffuser outlet, with a
prescribed flow rate and air direction. It is noticeable that
the diffusers used in this project can direct the flow in many
directions. The factory settings were obtained from the
manufacturer and applied in the CFD model to provide the
boundary conditions illustrated in Figure 6.

Figure 7 : Trimmed mesh on section plane

THERMAL COMFORT MODEL
A body-part specific thermal comfort model is used
throughout this investigation. It consists of a 1-D
thermophysiological occupant model imbedded in STARCCM+ and coupled with the 3D CFD solution.

1-D Model
The thermophysiological model implemented in STARCCM+ defines the local thermal comfort in an indoor
environment through indices for particular body zones. It is
mainly based on the work of Stolwijk et al. (1971). The
model accounts for the effect on body segments of local
temperature, radiant temperature, air velocity and
humidity. This is achieved with an active system,
describing the regulation of the human body, and with a
passive system, describing the internal and external heat
transfer mechanisms through clothing, skin, fat, muscle and
core. The boundary conditions on the occupants for the
CFD simulation are specified on fourteen body segments,
as shown in Figure 8.

Figure 6 : Flow direction imposed at diffusers outlet

Mesh
The domain is discretized using an unstructured hexahedral
mesh containing 20.8M elements. Local refinement is
applied under the diffusers where important velocity
gradients are expected as well as on the 4 periphery
occupants under study.
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Figure 8 : Fourteen body segments defined as boundary
conditions
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Parameters
The thermophysiological model is applied to four periphery
occupants. They are considered 1.8m tall with a surface
metabolic rate typical of office work: MET = 1.2. This
provides a value of 69.6 W/m². The clothing resistance is
expressed in clo unit, which represents a thermal resistance
of 0.155 m²-K/W (McQuiston et al., 2004). The value
imposed in the simulations depends on the season, clothing
being different in summer than in winter. Table 3 shows the
values used in this investigation.
Table 3 : Clothing resistance used in the model (ASHRAE
Handbook 2005)
clo

Resistance
(m²-K/W)

Description

Summer

0.57

0.088

Trousers,
short-sleeved shirt

Winter

0.96

0.15

Trousers,
long-sleeved shirt and
suit jacket

Comfort Criteria
The local conditions on the body segments coupled with the
thermophysiological model are integrated and provide a
thermal comfort index called the Local Mean Vote, or
LMV (ISO 14505-2, 2007). This criterion was initially
designed to characterize the comfort in vehicles and
confined spaces. Its usage is thus stretched here in order to
evaluate the comfort in a workspace. The idea is to be able
to diagnose the local sources of discomfort and put to our
advantage the fine modeling level provided by the CFD
analysis.
The LMV values are obtained for the fourteen body parts
showed in Figure 8, but the notion of discomfort is also
body-part specific. In this regard, the LMV value for a too
warm and uncomfortable upper arm is not the same than
the one of an upper leg. The graph of Figure 9 shows the
lower and upper limits (“LMV cold” and “LMV hot”) of
the comfort zone. This LMV plot will be the basis of the
post-processing as far as the thermal comfort is concerned.
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Figure 9 : Local Mean Vote (LMV) and comfort area

RESULTS – WINTER SCENARIO
This section sets a critical winter environment using the
CFD model and calculates the resulting thermal comfort
metrics. The critical winter scenario considered for the
simulation has the following parameters:







Outside temperature = -29 °C
Diffusers supply temperature = 32.2 °C
Periphery supply flow rate = 2580 CFM
Internal supply flow rate = 1870 CFM
No internal loads
No solar load

The simulation is done in steady state, using the supply
flow rates and temperatures calculated from the equipment
total capacity. Two distinct results are displayed: a case
with double-glazed windows and a case with triple-glazed
windows.

Air diffusion
The flow directions are imposed at diffusers outlet
according to manufacturer’s factory settings. However, the
flow direction is adjustable, so the flow patterns showed
here are one of many possible outcomes of the high
induction diffusers. Figure 10 shows the volumes where the
air velocity exceeds 0.3 m/s. As can be seen, the most
important airflow follows the large south facing window,
and the green-to-blue zones where velocity exceeds 0.3 m/s
are all far away from occupants.
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The nominal time constant of the room is 563.6 s. The ratio
of this value to the mean age of air (595.7s) provides an air
change effectiveness of 0.95.

Temperature

Figure 10 : Velocity exceeding 0.3 m/s in the workspace
The global air change rate of the room is 6.4. However, the
passive scalar approach of the CFD model enables to
calculate a local air change rate, allowing to illustrate where
the air renewal is most efficient. Figure 11 shows such
distribution, with the transparent zones being the most
renewed (local air change rate > 8) and the dark blue zones
being the less renewed (local air change rate ~ 3).

The temperature distribution is showed on Figure 12. As
can be seen, there exists a clear stratification with important
gradients at the occupancy level. The average temperature
in the room is quite high (see Table 4) if compared to
typical winter setpoint temperature for a workspace that
would be around 21-22 °C. However, we can already
appreciate the difference in temperature between the two
simulations (double-glazed versus triple-glazed). It is
noticeable though that this is the air temperature, and it does
not take into account the radiant temperature at surfaces, a
very important factor for thermal comfort. These more
specific issues are treated in the next section.
Table 4 : Volume average air temperature – Winter
critical scenario
Double-glazed Triple-glazed
Average temperature Entire room (°C)

24.1

25.2

Average temperature Occupancy level (°C)

22.2

23.7

Figure 11 : Local air change rate

Figure 12 : Temperature distribution on section planes in critical winter scenario (case with triple-glazed windows)
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Thermal Comfort
Occupant 1 is positioned by the west wall but far from the
large window. Occupants 2, 3 and 4 are positioned along
the large south-facing window, as can be seen on Figure 13.
The result for thermal comfort is very similar for those 3
occupants by the window. For simplicity, the comfort
analysis focuses on occupant 2, in the corner of the
building.

The Local Mean Vote for occupant 2 is plotted at Figure
15. We observe that both cases (double-glazed windows
and triple-glazed windows) provide thermal comfort for 13
body parts out of 14. Only the head is out of the upper limit,
which is considered acceptable in a critical winter scenario.
It is noticeable that the lower body parts are very close to
the cold limit, especially for the case with double-glazed
windows.

Figure 13 : Occupants position in the room – Occupant 2
is positioned in the corner of the room by the large window
It has been observed that the radiant temperature played a
major role in the thermal comfort of the occupants. Figure
14 shows how the occupant 2 upper right side has an
important negative heat flux, whereas his left side is near
equilibrium. We also see, farther from the window, how
occupant 1 has a different boundary heat flux distribution.

Occupant 2

Occupant 1

Figure 15 : LMV plot for Occupant 2. Winter scenario,
Double-glazed versus triple-glazed windows

RESULTS – SUMMER SCENARIO
This section sets a critical summer environment using the
CFD model and calculates the resulting thermal comfort
metrics. The critical summer scenario considered for the
simulations has the following parameters:







Figure 14 : Boundary heat flux at occupants’ boundaries Critical winter case with triple-glazed windows
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Outside temperature = 29 °C
Diffusers supply temperature = 12.8 °C
Periphery supply flow rate = 2580 CFM
Internal supply flow rate = 1870 CFM
Full internal loads
Activated solar load

The simulations are done in steady state, using the supply
flow rates and temperatures calculated from the equipment
total capacity. Three distinct results are displayed: a case
with clear triple-glazed windows, a case with low-e tripleglazed windows and a case with solar shades. The
difference in surface radiative properties is expressed in
Table 2.
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Temperature
The temperature distribution is shown at Figure 16.
Stratification is weak, as can be seen on the image and by
comparing values in Table 5 for the entire room versus the
occupancy level. The average temperature for the case with
clear windows is well over a typical summer setpoint
temperature. The average temperature at occupancy level is
26.2, whereas a setpoint would be around 23°C. With lowe windows, the cooling system can provide an average
temperature at occupancy level of 23.2°C, which is a
reasonable summer setpoint temperature. Adding solar
shades practically eliminates the solar load through the
window (see transmissivity at Table 2) and reduces the
temperature to 21.1°C.

Occupant 2

Occupant 1

Figure 17 : Boundary heat flux at occupants’ boundaries –
Critical summer case with clear windows

Thermal Comfort

Figure 16 : Temperature distribution on section planes in
critical summer scenario (case with low-e windows)
The effect of the solar load is significant on the average air
temperature and this in turn means that the window
properties are of utmost importance in the design. Figure
19 shows the direct solar irradiance inside the open
workspace. The periphery occupants as well as about half
of the room desks and floors are impacted by solar rays.

The boundary heat flux on body parts showed in Figure 17
expresses how the solar load is significant for the periphery
occupants. While occupant 1 exhibits a near equilibrium
heat flux, we clearly observe a high flux on upper body
parts of occupant 2. This translates into a definite
discomfort for hands, arms, trunk and head as can be seen
on the graph of Figure 18. The discomfort is greatly
decreased when considering low-e windows as can be seen
by the purple triangles, pretty much all within the comfort
area. Only the head and trunk remain slightly right of the
hot limit. Finally, when considering the solar shades (red
dots), the comfort level is closer to the cold limit for most
points. Again, the head remains slightly on the hot side.

Table 5 : Volume average air temperature – Summer
critical scenario
Clear

Low-e

With
Shades

Average
temperature Entire room (°C)

26.8

23.5

21.4

Average
temperature Occupancy level
(°C)

26.4

23.2

21.1

Figure 18 : LMV plot for Occupant 2. Summer scenario,
Clear | Low-e | shaded south-facing window.
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Figure 19 : Direct solar irradiance through the south-facing window for the critical summer scenario (26° sun elevation,
indicated with red arrow). Up: Clear window. Middle: Low-e window. Bottom: Solar shades.

Proceedings of eSim 2018, the 10ᵗʰ conference of IBPSA-Canada
Montréal, QC, Canada, May 9-10, 2018

284
ISBN 978-2-921145-88-6

CONCLUSION
This paper has presented a case study of a new office
building. A CFD model was successfully used to validate
the design and ensure periphery occupants’ thermal
comfort using a body-part-specific comfort evaluation. The
simulations of the critical winter scenario demonstrated
that a comfortable environment was achieved with the
heating system under critical conditions. However, the
level of comfort is improved when considering tripleglazed windows over double-glazed windows. The summer
scenario has shown important thermal discomfort for
periphery occupants’ upper body parts due to the solar load.
The low-e window treatment has shown to restore the
comfort level within acceptable range, and the solar shades
provided an almost too cold environment. At the end, the
design team opted for triple-glazed windows in order to
play safe and provide a comfortable environment even in
critical winter conditions. Windows with a low-e treatment
are used so the summer solar load is neutralized, and
manually controlled solar shades are available to periphery
occupants.
The engineering team leveraged CFD to validate the design
of the envelope and ensure thermal comfort of the
occupants. The numerical analysis presented is a practical
application of CFD for a new building design. It was
intended at procuring a certain validation to the engineering
team and has been conducted in an industrial environment.
In this context, model inputs have been selected to depict a
worst-case scenario within reasonable bounds, and limited
sensitivity tests have been performed. To name a few,
interesting parameters to vary in future work would be the
weather patterns, the incidence dependence for the
windows properties, and the humidity effects.
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