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ABSTRACT

The accurate estimation of the local wind pressure coefficient is crucial in the numerical modeling of natural or
mixed ventilation in buildings subjected to wind. Building ventilation modeling typically relies on average wind
pressure coefficient values specific to the building fagade and wind direction. While the literature provides some
correlations and standards for building wall-average pressure coefficients, these values are only useful in the
absence of additional information or a database, as they can vary significantly based on urban forms. Field
measurements, wind tunnel tests, and numerical modeling are the available methods for estimating pressure on
building facades. In the first part of this study, the wall-average pressure coefficient was validated using
Computational Fluid Dynamics (CFD) for both an isolated low-rise building and a non-isolated low-rise building.
Acceptable relative errors were achieved for the non-isolated building in all wind directions. However, higher
relative errors were observed for the non-isolated building at surface directions of 90° and 180° for wind directions
exceeding 75°. In the second part of this study, a Building Energy Simulation Test was conducted to assess the
impact of the pressure coefficient on ventilation modeling, comparing five scenarios: no wind action, standard
pressure coefficient, literature correlation pressure coefficient, and CFD-derived pressure coefficient for isolated
and non-isolated buildings. The results indicated relative differences on the order of 7% and 6% for Air Change
Rate and CO, average concentrations, respectively. This research contributes to the understanding of performance
indicators for Indoor Air Quality (IAQ) studies, emphasizing the importance of considering both intentional and
involuntary airflows in ventilation design.
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1 INTRODUCTION

Thermal comfort and Indoor Air Quality (IAQ) are closely tied to effective ventilation and
infiltration management, which directly impact a building's energy consumption. Ventilation
encompasses intentional indoor air exchange, which can occur through natural means such as
opening windows and doors, or through mechanical systems involving supply and exhaust fans
(ASHRAE, 2021). On the other hand, infiltration refers to the unintentional flow of outdoor air
into a building through unintended openings like cracks, gaps around windows, doors, and
electrical components. Conversely, when this unintentional airflow exits the indoor space, it is
termed exfiltration. Both infiltration and exfiltration contribute to air leakage, representing
unintentional airflows within a building.

Natural ventilation and air leakage are influenced by pressure differentials across the building
envelope, which can arise from various factors such as wind, stack effect, and ventilation fans.



In the case of natural ventilation, these pressure differentials are primarily generated by external
forces like wind or temperature differences. In contrast, mechanical ventilation relies on devices
such as supply and exhaust fans to create pressure differences and induce airflow. In real-world
scenarios, buildings experience a combination of these driving forces simultaneously, and the
resulting airflow through the building envelope is a culmination of their combined effects.

To accurately comprehend the driven mechanisms of wind and stack effects, it is crucial to gain
a comprehensive understanding of the airflow patterns around the building. In the case of an
isolated rectangular flat-roofed building, the mean wind flow pattern reveals intricate
characteristics, including the presence of horseshoe vortices, corner streams, areas of flow
separation and reattachment, as well as slow rotating vortices formed behind the building due
to backflow (Oke et al., 2017). The flow in the immediate wake of the building and the
stagnation points upstream and downstream of the wind direction further contribute to the
complexity of the airflow. Additionally, the actual airflow around buildings includes a wide
range of wind speeds and directions, showcasing distinctive transient features such as the
formation and dissipation of separation and recirculation bubbles, as well as periodic shedding
of vortices in the wake.

The assessment and understanding of the wind load on a building can be achieved through wind
tunnel tests and/or Computational Fluid Dynamics (CFD) modeling (Picozzi et al., 2022). The
complex airflow surrounding buildings includes various spatial and temporal scales, and
accurately representing full-scale buildings requires satisfying specific similarity criteria. These
criteria include geometric, dynamic, and kinematic similarities, as outlined by Shu et al. (2020).

The complexity of CFD codes arises from their requirement to solve a set of nonlinear partial
differential equations called the Navier-Stokes equations (Ferziger et al., 2020). Furthermore,
the airflow around buildings typically exhibits turbulence, necessitating the modeling of
turbulence closure problem (Wilcox, 2006). These turbulence models require significant
computational resources and many of them are impractical for building-related problems that
rely on transient boundary conditions derived from weather files.

Numerical simulations are utilized for evaluating IAQ performance indicators. Accurate
modeling necessitates considering the building interior, exterior environment, and building
envelope (Beausoleil-Morrison, 2021). Achieving highly accurate building modeling involves
using a combination of toolboxes rather than relying on a single software, a practice known as
co-simulation or coupling. In recent years, several coupling approaches have been developed,
mostly aimed at assessing building energy consumption by correcting the convection heat
transfer coefficient, as highlighted in Singh and Sharston (2021). However, incorporating
building ventilation and infiltration into IAQ remains a challenging task, resulting in only a
limited number of studies in the literature that explore IAQ and CFD coupling approaches
(Kato, 2018).

Wang et al. (2010) conducted CFD simulations to predict outdoor CO concentrations in a two-
story home, where the primary source was a generator located near the house. They investigated
the impact of varying the distance between the source and the house. Nikolaou and Michaelides
(2016) studied two indoor environments by performing CFD simulations to analyse CO
transport and determine the optimal quantity and location of CO concentration sensors for
occupant safety. Argyropoulos et al. (2017) employed CFD-IAQ coupling to investigate
building ingress, utilizing three models to calculate pressure coefficients, and applied them to
two case studies. Szczepanik-Scislo (2022) utilized the CFD-IAQ approach to study the release



of CO from an indoor gas furnace, modifying the geometry of an air terminal device to improve
IAQ.

For the present study, the CFD code “CFDO Editor” developed by Wang (2007) was employed.
It is a plugin for Contam® (Dols and Polidoro, 2020), a software used for whole-building
multizone airflow and contaminant transport analysis. Consequently, the first part of this study
aims to enhance wall-averaged pressure coefficient profiles by employing CFDO-Contam
indirect coupling (Wang et al., 2010). In the second part, the geometry from the Building
Energy Simulation Test (BESTEST) MZ320 (Neymark and Judkoff, 2008) was selected, and
boundary conditions were modified to assess the influence of wall-averaged pressure
coefficients on certain IAQ indicators.

2 MODEL DESCRIPTION
2.1 Multizone model

Contam® operates on the basis of a multizone airflow network model. This model assumes
well-mixed conditions within each zone, where air momentum effects, pressure, and species
concentration are uniformly and homogeneously distributed. Furthermore, there is no
integration with Building Energy Simulation (BES) software in this study, resulting in a
constant temperature assumption. The contaminant flow balance is mathematically represented
by:
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where m”conti is the mass of a contaminant « in zone i, Mmairj—i is the rate of air mass flow from
zone j to zone i, n“% is the filter efficiency of the contaminant o through the path between zones
Jj and i, C% is the concentration of contaminant a in the zone j, G% is the o contaminant
generation rate, majri is the air mass in zone i, K% is the kinetic reaction coefficient in zone i
between species a and f, Cf; is the concentration of the component /5 in zone i, M airioj is the
rate of air mass flow from the zone i to the zone j, C*% is the concentration of contaminant « in
zone i, and R% is the removal coefficient of the component a in zone i.

To discretize the mass balance equation (Equation (1)), a control volume model employing the
standard implicit method is employed. The resulting set of discretized equations is solved using
both an iterative biconjugate gradient (BCG) algorithm and an iterative successive over-
relaxation (SOR) algorithm, as described in Dols and Polidoro (2020).

2.2 CFD model
CFD codes are capable of handling non-uniformities and heterogeneities in fluid flow, although
at a significant computational cost when dealing with multizone models. The mass and

momentum equations for steady-state fluid flow can be expressed in the following general form,
as shown in:

V-(pup)-T V- (Vp)=S, (2)

where p is the air density, U is the air velocity, ¢ is the transported property (mass or a velocity
component), I, is the generalized diffusion coefficient, and S, is a source or sink term.



In certain simplified cases, such as some laminar flows, analytical solutions for the set of partial
differential equations described in Equation (2) exist. However, for most flow problems,
including airflow around bluff bodies, empirical and/or numerical solutions are necessary.
Among the various numerical discretization methods available, the Finite Volume Method
(FVM) is commonly employed. This method discretizes the domain into smaller control
volumes and integrates the transport equations for each volume. To solve the convective,
diffusive, and gradient terms arising from the FVM, numerical schemes are utilized.
Additionally, addressing the turbulence closure problem requires numerical modeling, such as
the Reynolds-Averaged Navier-Stokes (RANS) methods, which involve modeling eddies of all
sizes through the Reynolds decomposition.

For dealing with incompressible airflow, the "CFDO0 Editor" from Contam® comes into play.
This software implements the Semi-Implicit Method for Pressure Linked Equations
(SIMPLER) algorithm to determine the airflow field (Patankar, 1980). The liner eddy-viscosity
model standard k-¢ (Launder and Spalding, 1974) is employed as the High-Reynolds number
turbulence model. Lastly, the convective terms are discretized using the power-law scheme.

2.3 Numerical Procedure

In the first part of this study, a validation study was conducted using two low-rise building
geometries from the comprehensive wind pressure database of the School of Architecture &
Wind Engineering at Tokyo Polytechnic University (“TPU Aerodynamic Database”, 2023).
The first building, considered in isolation, has dimensions of 4m x 16m x 40m, while the second
building, non-isolated, has dimensions of 12m x 16m x 24m, with a plan density area of 0.2
and a canyon street aspect ratio of 1.0.

Following the grid refinement factors suggested by Blocken (2015), a grid convergence study
was performed with three different grid resolutions. For the isolated building, the final grid
consisted of 94 x 146 x 46 nodes, while the non-isolated building grid comprised 166 x 200 x
30 nodes. A length scale of 1:100 was applied, and the wind velocity at the height of the building
was set to 7m/s.

The CFD study incorporated specific boundary conditions. The ground boundary was modeled
as no-slip, the top of the computational domain was set as a slip wall, and the sides of the
domain were designed as openings with an atmospheric boundary layer profile that varied with
the wind direction. Figure 1 illustrates a top view of these grids, where H represents the height,
W represents the width, and L represents the length of the building.

Figure 1: Mesh
(a) Isolated building. (b) Non-isolated building.
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The local wind pressure coefficient is defined by:

P -P
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where p s the outdoor air density, U is the approach wind speed at upwind wall height, P is
the local outdoor atmospheric pressure, and Pj is the pressure in a point i for a given wall surface
under wind action.

Equation (3) provides a straightforward definition, but calculating the wind pressure coefficient
is a complex task due to its dependence on factors such as the building shape, wind direction,
and surrounding environment. To capture an accurate representation of the wall-averaged
pressure coefficient for the building facades, this study employed a wind direction increment
of 15° and 22.5°.

In the second part of this study, a test was conducted using the geometry depicted in Figure 2a,
featuring three distinct zones: A, B, and C. Each zone shared the same dimensions of
8.0m x 6.0m x 2.7m. Zone C was equipped with an exhaust ventilation system operating at a
rate of 1 Air Change per Hour (ACH), equivalent to approximately 130 m*/h or 77 cubic feet
per minute (cfm). Zone B had a constant emission rate of CO; at 18 1/h (Poirier et al., 2021)
and followed a daily schedule from 5 pm to 9 am. The air leakage between zones was modeled
using the power-law model based on Poirier (2023).

For the Contam® simulation (Figure 2b), the weather file for Lyon, France, was utilized, along
with a constant outdoor CO: concentration of 400 ppm. The simulation spanned a week, starting
from January 1st at Oh and concluding on January 7th at 24h, with a time step of 60 seconds.

Figure 2: Modified BESTEST MZ320
(a) Geometry of the BESTEST MZ320 (b) Contam® plan

Table 1 presents the five different scenarios considered for the analysis of [AQ. The “No wind”
case serves as the base case, focusing solely on mechanical ventilation, while the remaining
cases involve mixed ventilation resulting from wind effects. According to the EN15242
regulation, windward facades are assigned a pressure coefficient of +0.5, while leeward facades
receive a coefficient of -0.7 when no barriers are present.

Additionally, Swami and Chandra (1987) proposed a pressure coefficient correlation based on
wind direction and building dimensions. Two additional pressure coefficients were obtained
through CFD: one without any barriers (CFD-Isolated) and another considering a building in a



surrounding area with a plan density of 0.2 (CFD-Non-isolated). These coefficients reflect the
influence of the surrounding environment on the building's airflow patterns.

Table 1: Scenarios of study

Case Description

No wind No wind action (Cp, = 0)

EN15242 EN15242 pressure coefficient profile

Swami and Chandra (1987)  Literature correlation of Swami and Chandra (1987)

CFD-Isolated CFD pressure coefficient profile for a building without any barrier surrounding
CFD-Non-isolated CFD pressure coefficient profile for a building with a plan density area of 0.2

3 RESULTS AND DISCUSSION
3.1 Wall-averaged wind pressure coefficient

The wall-averaged wind pressure coefficient for low-rise buildings is presented in Figure 3 in
which the relative surface angle () is defined as:

o= awind + asurface (4)

where awind 1S the wind direction and asurface 1S the wall orientation.

Figure 3: Wall-averaged wind pressure coefficient

(a) Isolated building. (b) Non-isolated building.
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Regarding the isolated building (Figure 3a), besides the experimental data (“TPU Aerodynamic
Database”, 2023) the CFD results were compared against the ASHRAE data range for low-rise
buildings (ASHRAE, 2021) in which 80% of pressure coefficients are expected (the grey zone
in the curve). The CFD results agreed quite well with the mean values from experimental data
with higher errors in fagade orientation of 90° (90° < o < 180°) and 180° (180° < a < 270°) with
higher errors for relative surface angle near 180° and 270° (the relative error in this region is
the order of 40%). These errors occurred due to the difficulty of CFD using RANS models to
solve turbulence structures such as in flow separation regions and the vortices found in airflow
around bluff bodies. However, almost 85% of points yielded errors as lower as 10% and the
sign was the same leading to accurate pressure coefficient profiles using this CFD method for
isolated low-rise buildings.



The airflow around buildings becomes even more complex when we have a neighbourhood. A
building surrounded by buildings of similar height will have quite different airflow partners,
1.e., different near-wall velocities and pressures. Consequently, the pressure coefficient will
change and due to the large possibilities of surrounding patterns, there are fewer data found in
the literature. Taking regular surroundings such as shown in Figure 1b will lead to the pressure
coefficient profiles in Figure 3b. For facade orientation between 90° (90° < o < 180°) and 270°
(270° < a <360°), the errors were lowered, and the pressure coefficient profile was quite
accurate. The CFD method of this study failed for the surface direction of 0° (0° < a <90°)
mostly because for relative surface angle up to 70° the mean experiments are positive while
CFD was negative. This difference in the sign is critical for natural ventilation analysis,
therefore the CFD results must be improved in this fagade.

3.2 1AQ in the modified BESTEST MZ320

The ACH for the whole building in Figure 2 is shown in Figure 4 in which each case was
described in Table 1. When the wind action is neglected, we have ~1/3ACH for the whole
building once we have an extract ventilation of IACH only in Zone C. Overall, when we
consider the wind action the air change rate of the whole building is around 7% higher than no
wind action.

Figure 4: Air change rate (whole building)

(a) Total simulation period. (b) Simulation between the second and fourth days.
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The only contaminant in this study was the CO> which is associated with the air change rate
and is the most comment monitored building contaminant when it is important to control the
building ventilation. The CO; concentration in Zone B is shown in Figure 5. As expected,
improving the ventilation with mixed ventilation led to a reduction of the CO> concentration in
the order of 6% for Zone B.

Figure 5: CO, concentration (Zone B)

(a) Total simulation period. (b) Simulation between the second and fourth days.
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Table 2 sums up the IAQ indicators of this study in which the relative error (Er) is calculated
against the case with “No wind”. The air change rate for the whole building is almost the same
for the different forms to consider the pressure coefficient, therefore, for this case, there is no
need to apply the CFD to obtain a pressure coefficient profile once we have almost the same
outcomes regarding the straightforward correlations from the literature. Similar results were
achieved for the decrease of the CO> concentration in Zone B and C, with lower concentrations
in Zone B. In Zone A we observed a very large increase in the CO; due to when there is no
wind, the outdoor contaminant concentration will not affect this zone. In addition, it is expected
lower ventilation rates in Zone A for this building.

Table 2: Arithmetic mean of ACH (whole building) and median of CO; concentration

Case ACH  Er, c‘:ggj A Ergjgj AoCae? Ergjgj PoChse Ergjgf ¢
No wind 0.334 - 59 - 754 - 497 -
EN15242 0.354 +6% 411 +599% 713 -6% 480 -3%
Swami and Chandra (1987) 0.360 +8% 409 +596% 703 -7% 476 -4%
CFD-Isolated 0.357 +7% 412 +602% 708 -6% 478 -4%
CFD-Non-isolated 0.354 +6% 411 +599% 708 -6% 482 -3%

4 CONCLUSIONS

This study performed numerical simulations employing the CFD method to obtain pressure
coefficient profiles. These profiles were subsequently tested in the modified BESTEST MZ320
and compared against correlations found in the literature, as well as a case without wind effects.

To begin with, the CFD code was validated for low-rise buildings. It yielded errors as low as
10% for a building without barriers, although certain areas exhibited slightly higher errors for
a building with a canyon street aspect ratio of 1.0 due to limitations in the RANS modeling
technique.

Next, four pressure coefficient profiles were tested in the BESTEST MZ320 and compared with
a case where no wind load was applied. This comparison focused on air change rates for the
entire building and CO; concentrations in different zones. The results indicated an increase in
the ACH of up to 8% and a decrease in CO2 concentrations in two zones by as much as 7%.

While CFD may not be essential for this simple case, its significance is expected to be more
pronounced in complex building scenarios. Therefore, future research should emphasize the
importance of obtaining accurate profiles for pressure coefficients, include other IAQ
indicators, explore additional scenarios such as cosimulation with BES software for non-
isothermal conditions, and propose ventilation control strategies based on the most accurate
boundary conditions attainable.
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