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Natural ventilation can contribute to a sustainable and healthy built environment, but the
flow can be highly dependent on the ventilation configuration and the outdoor turbulent
wind conditions. As a result, quantifying natural ventilation flow rates can be a challenging
task. Wind tunnel experiments offer one approach for studying natural ventilation, but
measurements are often restricted to a few points or planes in the building, and the data
can have limitations due to the intrusive nature of measurement techniques or due to
challenges with optical access. Large-eddy simulations (LES) can offer an effective
alternative for analyzing natural ventilation flow, since they can provide a precise
prediction of turbulent flow at any point in the computational domain and enable
accurate estimates of different ventilation measures. The objective of this study is to
use a validated LES set-up to investigate the effect of the opening size, opening location
and wind direction on the ventilation flow through an isolated building. The effects are
quantified in terms of time-averaged and instantaneous ventilation flow rates, age of arr,
and ventilation efficiency. The LES results indicate that, for this isolated building case, the
effect of the wind direction is more pronounced than the effect of the size and position of
the ventilation openings. Importantly, when ventilation is primarily driven by turbulent
fluctuations, e.g. for the 90° wind direction, an accurate estimation of the ventilation rate
requires knowledge of the instantaneous velocity field.

Keywords: natural ventilation, cross ventilation, computational fluid dynamic, large eddy simulation, age of air,
ventilation efficiency, ventilation rate

1 INTRODUCTION

Natural ventilation has gained traction due to its proven potential for reducing building energy
consumption (Artmann et al., 2007; Ramponi et al., 2014) while also improving overall indoor air
quality (Xing et al., 2001; Stavrakakis et al., 2008; Panagopoulos et al., 2011; Prajongsan and Sharples,
2012) and reducing the risk of airborne infections such as tuberculosis, pneumonia and COVID-19
(Urrego et al., 2015; Weaver et al., 2017; Bhagat et al., 2020). An important challenge in the design
and evaluation of natural ventilation systems is the significant variability in terms of both possible
design configurations and weather conditions, in particular the turbulent wind conditions. Large-
eddy simulations (LES) can support investigating the effect of this variability by providing accurate
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solutions for the turbulent natural ventilation flow. Several
ventilation studies have adopted LES (Jiang and Chen, 2001,
2003; Jiang et al., 2003; Seifert et al., 2006; Caciolo et al., 2012; van
Hooff et al., 2017) to investigate natural ventilation flow, evaluate
model performance, and validate simulations results. The high
computational cost of LES has mostly limited these studies to
specific configurations and wind conditions; the use of LES for
extensive sensitivity analysis or for practical design analysis
remained too computationally expensive. However, continuous
improvements in both available computational resources and LES
methods are reaching a point where the full potential of LES for
natural ventilation design can be explored. A first step in this
direction is presented in Part 1 of this study, where we performed
LES for an isolated building with wind-driven cross ventilation,
reproducing a reference wind-tunnel measurement performed by
Karava et al. (2011). The LES results were validated against the
experimental data and the sensitivity of the flow solution to the
grid resolution and the inflow boundary conditions was
investigated.

The objective of the study presented in this Part 2 paper is to
adopt the validated LES setup to further investigate the impact of
the opening location, opening size, and wind direction on
different ventilation metrics. Specifically, the analysis considers
14 different configurations that include 4 different opening
locations, 3 opening sizes, and 3 wind directions. These
configurations will be compared in terms of ventilation flow
rates, age of air, and ventilation efficiency. These ventilation
measures can be difficult to assess accurately using wind
tunnel experiments or steady computational fluid dynamics
simulations, but they can be calculated directly using the full
three-dimensional, unsteady LES solution.

The ventilation flow rate will be assessed using three
approaches. The first approach relates the time-averaged
ventilation rate to the mean pressure difference between two
openings (Jiang et al., 2003; Evola and Popov, 2006; Seifert et al.,
2006; Asfour and Gadi, 2007; Shirzadi et al., 2018). This approach
can be inaccurate since it employs a discharge coefficient (C,) that
is usually assumed to be constant (0.61), but that is affected by
installation effects in reality (Karava et al., 2004). The second
approach calculates the ventilation flow rate by integrating the
time-averaged normal velocity through the openings (Jiang and
Chen, 2001; Jiang and Chen, 2003; Caciolo et al., 2012; Sun et al.,
2017). It eliminates the uncertainty due to C,, but the use of the
time-averaged velocity field can still yield inaccurate predictions
when ventilation is driven by turbulent fluctuations at the
openings (Jiang and Chen, 2001). Therefore, the third
approach calculates the time series of the ventilation rate by
integrating the instantaneous normal velocity through the
openings at each time step (Jiang and Chen, 2001, 2003; Jiang
et al.,, 2003; Hu et al., 2008). This approach is the most accurate,
but it is less commonly adopted since it requires knowledge of the
time-resolved velocity field at all window openings, which is
generally only obtained from LES. Using the LES data, the
ventilation rates obtained with the three approaches will be
compared for each of the ventilation configurations.

The age of air will be calculated to quantify the local
ventilation status and hence the overall air quality in the
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space. The frequency distribution of the local age of air will
indicate whether the space is uniformly ventilated, providing
more detailed information on ventilation performance than the
overall ventilation flow rate. This detailed information can be
particularly relevant when recirculation or separation regions are
present in the indoor space: these regions tend to be under-
ventilated, and a high ventilation rate does not necessarily result
in uniformly good indoor air quality (Kwon et al, 2011).
Experimentally, it can be challenging to measure the local age
of air accurately and with sufficient spatial resolution. From the
LES, the age of air can be calculated directly by solving one
additional equation for a scalar concentration and recording the
time evolution of the concentration at each point in the space
(Sandberg, 1983). Comparison of the frequency distributions of
the age of air in the different ventilation configurations will be
performed to provide insights on their relative performance that
can not be obtained from the ventilation rates alone.

Lastly, the ventilation efficiency will be calculated to gauge
how effectively ventilation occurs within a space (Sandberg, 1981;
Murakami and Kato, 1992). We will use a common definition for
the efficiency, namely the ratio of the hypothetical minimum for
the average age of air given the overall flow rate to the actual
average age of air. With this definition, the efficiency is a non-
dimensional number between 0 to 1 that can be directly
calculated using the LES data. This efficiency does not directly
indicate the freshness of air in a space, but it supports comparing
different ventilation solutions in terms of their effectiveness for
ventilating a space.

The LES-based comparison of the different ventilation
configurations in terms of these different ventilation metrics
will support two outcomes. First, it will support evaluating the
influence of the wind direction and the size and location of
openings on ventilation rates, age of air, and ventilation
efficiency. Second, it will support evaluating the suitability
and importance of the different ventilation metrics when
assessing the performance of wind-driven cross-ventilation
configurations.

The remainder of this paper is organized as follows. Section 2
first summarizes the setup of the LES, including the governing
equations, the computational domain and mesh, and the inflow
and boundary conditions. Subsequently, the quantities of interest
and the different ventilation configurations considered for the
study are introduced. Section 3 presents and analyzes the results.
In Section 4, we summarize conclusions and future research
directions.

2 DESCRIPTION OF LARGE-EDDY
SIMULATIONS

This section first provides a summary of the simulation set-up
presented in Part 1 of this study (Hwang and Gorlé, 2022),
including the governing equations and discretization methods,
the computational domain and mesh, the boundary conditions,
and the quantities of interest. Subsequently, we introduce the
additional ventilation configurations that are considered in
this paper.
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2.1 Simulation Setup
2.1.1 Governing Equations and Discretization Methods

The LES approach applies a low-pass filter to the instantaneous
field quantities and splits them into filtered and sub-filtered
components, e.g.: u;i(xj,t) = ;(x;,t) + u! (xj,t) for the
velocity components and p(xj,t) = p(xj,t) +p (xj,t) for the
pressure. With this procedure, the governing equations for the
filtered quantities solve for the turbulent motions greater than the
filter size, while the effect of the smaller scales is represented with
a sub-grid scale (SGS) model. The simulations presented in this
paper are performed using the low-mach, isentropic formulation
of the CharLES code developed by Cascade Technologies, Inc.
(Cascade Technologies, Inc., 2022). The filtered continuity,
momentum, and state equations are as follows:

% , o

E ax; =0 (1)
pii;, Opiiii;  0p 0 du, o, 2 i
Pt - g 9 er S N
a " ox; | ox ' ox (1 1) ox; ox; 3 Ux
(2)
1,
p= c_Z(p - Pref) T Prey 3)

where p is the density, p, is the reference density, p is the
pressure, p,ris the reference pressure, c is the speed of sound, u is
the kinematic viscosity, and p is the subgrid viscosity, which is
computed with the Vreman SGS model (Vreman, 2004).
Additionally, the following transport equation for a scalar C is
solved to calculate the age of air,

@jaajé_ iKN

I’lsgs aé
a " ax; o |\ ) ] )

Scegs ) 0x;

where D is the molecular diffusion coefficient and Sc is the sub-
grid turbulent Schmidt number. Since the scalar equation is used
to calculate the age of air, Sc is set equal to 1.0.

An implicit second-order backward difference scheme is used
to advance the solution in time with a fractional step approach.
Kinetic energy conserving, second-order operators are used for
the spatial discretization (Ham and Iaccarino, 2004). In contrast
to traditional incompressible flow formulations where a Poisson
system for pressure must be solved, the low-mach solver yields a
Helmholtz system with advantages in computational efficiency.
More details on the derivation of the Helmholtz system and the
low mach equation of state (Eq. 3) may be found in Ambo et al.
(2020). The time-step size is fixed to 0.0001s; the resulting
maximum CFL number is always lower than 1.0. After
running the simulations for an initial burn-in period of at
least 100 7,.; the statistics of the quantities of interest are
calculated using the flow solution obtained over 250 7,
where 7, is the flow-through time for the target house (the
ratio of the width of the house to the wind speed at the reference
height, i.e., Dyouse/ Ures = 0.1/6.6 = 0.015 ).

2.1.2 Computational Domain and Grid

Figure 1 displays the computational domain, which represents a
part of the wind tunnel used for the reference experiment,
performed at a scale of 1:200. Following the COST action 732
best practice guidelines (Franke, 2007), the domain has
dimensions W x D x H = 1.1m x 21m X 0.6m. This
domain size corresponds to 13.8Hj,iiging X 26.3H, X 7.5H,
where H, = 0.08 m is the height of the model building. The
width and depth of the model building are 0.1 m. The size and
position of the openings vary by ventilation configurations and
are illustrated in detail in Section 2.3. To consider different wind
directions, the building geometry is rotated inside the
computational domain. The inflow boundary is located at a
distance of 6.9 H, from the center of the house while the
outflow boundary is located 19.4 H), downstream from the
same location. The two lateral boundaries are at least 6Hp,iiging
away from the building. These dimensions satisfy the
recommendations in the guideline for any orientation of the
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FIGURE 2 | Mean velocity, turbulence intensity, and length scale profiles: target profiles (black dashed line) and profiles obtained at the building location using the
optimized inflow profiles (blue solid line).

building geometry, thereby supporting simulations for all wind
directions.

The computational grids for each wind direction are generated
with the CharLES’ mesh generator following guidelines for
meshing such as the number of cells on the edge of openings
and the number of transition layers between the refinement levels
(Franke, 2007). The computational grids consist of approximately
3.2 million Voronoi cells for each simulation with the smallest cell
size of 1.5mm around the building geometry. The cell size
gradually increases toward the external boundary, with the
biggest cell size 16 mm. A grid sensitivity study, presented in
the Part I paper, showed that the flow solution and ventilation
measures of interest did not change significantly when further
refining the grid.

2.1.3 Inflow and Boundary Conditions

This section briefly summarizes the inflow and boundary
conditions, which are identical to those used for the
simulations in Part I of this study (Hwang and Gorlé, 2022).
For the inflow condition, we combine a divergence-free of a
digital filter method (Xie and Castro, 2008; Kim et al., 2013) with
a gradient-based optimization technique to obtain the desired
turbulence characteristics at the building location (Lamberti et al.,
2018). The target profiles for the mean velocity, turbulence
intensity and length scales are shown in Figure 2, together
with the actual profiles obtained at the building location in the
LES. The mean velocity profile corresponds to a logarithmic wind
profile:

0

U(z) =L::log<zzzo>, (5)

where 4« = 0.34 m/s is the friction velocity, x = 0.41 is the von
Karman constant, and z, = 0.025 mm is the roughness height. For

the turbulent quantities, the streamwise stress component is
obtained from the streamwise turbulence intensity (T1,)
reported for the reference experiment. The spanwise and
vertical components are approximated using similarity
relationships for the Reynolds stress profiles in a neutral
atmospheric boundary layer (Stull, 2012):

Wi (2) = (TL(2)-U2)), V'V (2) = w'w'(2) =uu [V2

(6)

For the streamwise length scale L, the values reported for other
experiments in the same wind tunnel are used. The length scale is
0.28 m at the building height, corresponding to 56 m at full-scale.
The length scales in the vertical and spanwise directions are
estimated using the ratio to the streamwise component: L, = 0.2L,,
and L,, = 0.3L,,.

As depicted in Figure 1, wall functions are used on the
building and ground surfaces: an algebraic wall model for
smooth walls is specified at the building surface, while a rough
wall function for a neutral ABL with a roughness length (z,) of
0.025 mm is specified at the ground boundary. The two lateral
boundaries are periodic and a slip condition is applied on the top
boundary. The outlet boundary condition is set to a zero gradient
condition.

2.2 Quantities of Interest for Assessing

Ventilation Performance

2.2.1 Ventilation Rates

As discussed in the introduction, three different approaches to
calculate the ventilation rate will be compared. First, the time-
averaged ventilation rate Q, 4, will be calculated as a function of

the time-averaged pressure gradient across openings 1 and 2, |P;
— Py|, with P; = ﬁjo | p(t)dAdt:
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1P - P
Qp,avg = CdA #a (7)

C, is the still-air discharge coefficient of the openings, A is the area of
one opening, and p is the density of air. This relation is frequently
adopted in ventilation studies using both computational and
experimental methods (Evola and Popov, 2006; Karava et al,
2006; Seifert et al, 2006; Karava et al., 2011), but it has two
limitations. First, the discharge coefficient C; introduces
uncertainty in the equation. As in most studies, it is assumed to
be a constant of 0.61, which corresponds to the value of the still-air
discharge coefficient of a simple rectangular opening (Etheridge,
2011). The constant discharge coefficient is used to estimate the
ventilation flow rates with Eq. 7 in Section 3.2.1. In reality, the
coefficient is affected by installation effects, which are a result of
multiple factors, including the wind direction (Karava et al., 2004).
Second, the relation can only estimate the time-averaged flow rate
and it does cannot account for the contribution of turbulent
fluctuations to the air exchange process.

The second approach removes the parametric uncertainty due
to C; by estimating the time-averaged airflow rate from
integration of the time-averaged normal velocity across the
ventilation openings:

1

Qu,uvgzi J'Unl|dA+J|Un2|dA > (8)

Ay A

where U = %IOT u(t)dt is the time-averaged velocity, n and dA
are the area normal vector and the infinitesimal area of the
opening. The use of the time-averaged velocity at the openings
filters out any turbulent fluctuations; hence, this relationship will
still be inaccurate when turbulent fluctuations have an important
contribution to the air exchange.

To overcome the limitation related to time-averaging the
velocity field through the openings, the third approach directly
computes the instantaneous ventilation rate by using the
instantaneous velocity field (u(f)):

Qua(® =3 [ @ mida+ [l mldr ) ©

A Ay

Then, the statistics of the ventilation rate, i.e., the mean and standard
deviation, can be estimated from the time series. When the flow
direction is consistent at the ventilation openings, Q,,q., is equal to
the time-average of Q,, ;,,(f), which will be denoted as Q,,,,; hereafter.
However, when the flow direction is variable and turbulent
fluctuation plays a significant role in the ventilation process,
Quins can be significantly different from Q,4, The non-
negligible difference between the two has been reported for
single-sided ventilation (Jiang and Chen, 2001); the current study
further investigates the difference in cross ventilation configurations
for which turbulent air exchange plays an important role.

2.2.2 Discharge Coefficient
As discussed in Section 2.2.1, the discharge coefficient C; adds
uncertainty in the prediction of the ventilation rate using Eq. 7.

LES of Wind-Driven Cross-Ventilation: Part 2

The coefficient is influenced by several factors, including the
opening size and shape, and the wind speed and direction (Karava
et al., 2004). Previous studies have quantified the effect of the
opening configuration (Kato, 2004), the opening size (Vickery
and Karakatsanis, 1987; Kato, 2004), and the opening Reynolds
number (Vickery and Karakatsanis, 1987; Carey and Etheridge,
1999) on C, for a single opening under an idealized environment.
However, when considering natural ventilation flow in a real
building, additional installation effects, e.g. due to variations in
the wind direction, can play an important role (Etheridge, 2011).
These installation effects have not been accurately quantified. For
example, different studies have observed different impacts of the
wind direction on Cg these differences have been attributed to
differences in the size and position of a ventilation opening (Yi
et al, 2019). Our LES-based analysis of the ventilation rates
calculated using the three approaches introduced in Section
2.2.1 supports assessing C; in ventilation scenarios with
different opening size, opening position, and wind direction.
In each case, we estimate the discharge coefficient by equating
Qu,ins with Qp,avg:

2|P, - P u,ins
Qu,ins = Qp,m/g =Cy-A M - Cy < -

P A\2|P1—P2|/P

(10)

When using this relationship, C,; represents a cumulative or
total discharge coefficient for a cross-ventilated configuration
that accounts for the installation effects. The evaluation of C,
will only be performed for the ventilation configurations with
0°and 45° wind directions, since AP will be approximately 0 for
the 90° case due to symmetry of the building geometry.

2.2.3 Age of Air

The local age of air represents the time that a parcel of air at a
certain location has resided in the indoor space. Unlike the
ventilation rate, which is a space-averaged quantity, the age of
air is a local quantity that can serve as a measure of the indoor air
quality at a specific location. The age of air at locations x in the
building is calculated using the step-down method, which
consists of two steps: 1) initializing a tracer with a
concentration Cy in the indoor space and 2) recording the
decay of concentration over time until it reaches the outdoor
level (0 in the simulations). The age of air is then equivalent to the
area under the concentration decay curve:

C(x, t)
Co

T(x) = dt, (11)

ot—3

where C (x, t) is the tracer concentration at a point x at time ¢. The
age of air calculation is performed after the initial burn-in period
when a quasi steady-state solution for the flow-field has been
obtained. The age of air is a good indicator for local ventilation
status: 7 is zero near the inlet because the air flushes out quickly,
while the value is higher than average in poorly ventilated
locations.
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Wall porosity 5% (0°, 45°,90°) |5% (0°, 45°, 90°) | 5% (0°, 45°,90°) | 5% (0°, 45°, 90°) | 0% (0°, 45°)
(Tested flow angles) | 10% (0°)
20% (0°)

FIGURE 3 | Ventilation configurations considered in the current study.

2.2.4 Ventilation Efficiency
The ventilation efficiency is a non-dimensional metric that
quantifies how effectively ventilation occurs within an indoor
space given a specific flow rate. Among different available
definitions for the efficiency, we use the ratio of the
hypothetical minimum of the average age of air, which is half
the nominal time 7,, = V/Q,, ;5 to the actual spatial average of the
age of air (1):

Tﬂ

T 26Ty

Using this definition, the ventilation efficiency is an indicator of
the overall ventilation status of a space as a single non-
dimensional number ranging from 0 to 1. Thus, the efficiency
provides a measure for comparing different ventilation solutions
in terms of the uniformity of the ‘freshness’ of the air for a given
ventilation flow rate.

€ (12)

2.3 Ventilation Configurations of Interest
Using the computational setup presented in Section 2.1, we simulate
various ventilation configurations in terms of opening size, opening
position, and wind direction. Figure 3 presents the 14 cross
ventilation configurations considered, each having two openings
on opposite walls. In addition, the closed building, without
openings, is modeled at two different wind directions to examine
changes in the flow field around the building due to the presence of
the openings. Of the cross-ventilation configurations, 12 cases
consider a wall porosity (Agpening/Awan) of 5% at 3 wind directions
(0°,45" and 90°), for 4 opening locations. The opening locations are: 1)
both openings at the top, 2) both in the middle of facades, 3) both at
bottom, and 4) the inlet at the bottom and the outlet at the top. The 2
remaining cross-ventilation cases investigate the effect of the opening
size, considering a wall porosity of 10 and 20%, with a fixed wind
direction of 0° and both openings in the middle of the facades. The
height of openings is fixed to 18 mm for all cases; their width is 11.5,
23, and 46 mm, corresponding to the wall porosity of 5, 10 and 20%,
respectively. Comparison of the ventilation measures for these
different ventilation configurations will enable us to identify the
relative effectiveness of each configuration.

3 RESULTS

In this section, we analyze the effect of the opening size, the
opening position, and the wind direction on the ventilation flow.

The results are presented in terms of velocity fields on vertical and
horizontal planes through the house, as well as in terms of
quantitative ventilation measures, including ventilation rates,
age of air, and ventilation efficiency.

3.1 Influence of Ventilation Configuration on

Flow Field

3.1.1 Effect of Opening Size

Figure 4 displays the velocity magnitude with contours and the
direction with quiver plots on both vertical and horizontal planes
through the center of the building geometry. The results in each
column correspond to cases with different wall porosity,
visualized on the top row. The wind direction is fixed to 07
and the location of both openings is at the center. All four cases
predict the typical flow features around a building such as the
standing vortex in front of the windward wall, flow separation at
the sharp leading edges, and re-attachment further downstream
on the roof and lateral facades. The flow patterns differ the most
near the openings. Compared to the sealed structure (wall
porosity of 0%), the configurations with ventilation openings
(wall porosity of 5, 10, and 20%) have a reduced stagnation region
on the windward side near the inlet, as well as an injection of
momentum into the wake on the leeward side through the outlet.
The velocity patterns on the vertical plane demonstrate that both
the direction and the length of the incoming and outgoing jets are
quite similar for all three cases with openings. The downward
direction of the inflow jet is attributed to the height of opening,
where the air just upstream of the opening has a slight downward
direction (Karava et al,, 2011). The downward deflection of the
inflow jet is slightly smaller with larger openings; this is most
clearly observed on the horizontal plane. The larger openings
allow more airflow directly through the building, thereby
modifying the outside flow pattern and reducing the
downward vertical velocity component upstream of the inlet
opening.

3.1.2 Effect of Opening Location

Figure 5 compares the flow fields on a vertical plane through the
center of the building for four configurations with the inlet and
the outlet at different heights. The wind direction is again fixed to
0°, and the wall porosity is 5%. Similar to the comparison of the
various opening sizes in Figure 4, all simulation results reproduce
the typical flow features in the vicinity of the building, regardless
of the opening positions. However, the location of the openings
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FIGURE 5 | Velocity magnitude and direction on the vertical center-plane of the building in four ventilation configurations with different inlet and outlet locations.

does significantly change the directions of the inflow and outflow
jets. The deflection of both jets is primarily determined by the
position of the inlet. When the inlet is located near the roof, where
the outdoor air moves upward, the inflow is also upwards. For all
other inlet locations, the outdoor air upstream of the inlet moves
downward, and the inflow is also downwards. The direction of the
outflow is always opposite of the inflow. This pattern also applies
to configurations not modeled here, e.g. for the inlet at the top
and the outlet at the bottom, the inflow is upward and the outflow
is downward (Karava et al., 2011).

3.1.3 Effect of Wind Direction
Figures 4, 5 demonstrated that the flow pattern is not very
sensitive to the opening size, while the opening position

primarily affects the vertical direction of the flow near the
inlets and the outlets. For the 0° wind direction considered in
these figures, the time-averaged flow field is symmetric in the
horizontal. When considering different wind directions, this
horizontal flow pattern changes significantly, while the vertical
direction of the inflow jets is still determined by the opening
position. Figure 6 visualizes the changes in the horizontal velocity
by presenting the velocity field for the 0°, 45° and 90° cases on the
horizontal center-plane. The wall porosity is fixed to 5% and both
openings are at the center location. The results demonstrate the
significant impact of the wind direction on the flow pattern, both
inside and outside the building.

The external flow pattern is very similar for the 0° and 90° wind
direction, since the only difference is the location of the openings.
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One noteworthy difference between both cases is that the 90° case
exhibits a slight decrease of the velocity magnitude in the
separation region on the side of the building, just upstream of
the opening. This decrease is a result of the air exchange between
the outdoor separation bubble and the indoor environment. For
the 45° case the differences are much more pronounced. First, the
stagnation region for the 45° case is highly localized at the
upstream corner of the building, while a wider stagnation
region is formed for the 0° and 90" cases. Second, once the
flow separates at the two corners for the 45° case, it does not
reattach to the lateral walls as in the 0° and 90° cases, and a very
wide wake region is formed downstream.

Considering the indoor airflow pattern, each of the three
simulations shows very a different ventilation pattern. When
the window opening is perpendicular to the free stream flow (0°),
both the inflow and outflow jets are parallel to the free stream
wind because of symmetry. When the building is rotated by 45°
and the openings are at an oblique angle to the external wind, the
inflow remains parallel to the wind, but the outflow is
significantly deflected, with a direction that is almost
perpendicular to the upstream wind direction. This deflection
is a result of both the indoor flow pattern and the reduced
pressure and velocity in the wake region. The 90° wind does
not produce strong incoming and or outgoing flow because both
the inlet and the outlet opening are parallel to the free stream
wind. The lack of noticeable mean flow at the openings results in
low mean velocities in the indoor environment compared to the
other two cases. This does not mean that the space is not
ventilated; rather, it indicates that the indoor-outdoor air
exchange is primarily driven by turbulent fluctuations as in
single-sided ventilation flow. To provide further insight into
the importance of turbulent air exchange, Section 3.2.1
presents a quantitative comparison of the ventilation rates.

3.2 Influence of Configuration on Ventilation

Measures

3.2.1 Time-Averaged and Instantaneous Ventilation
Rates

The influence of opening size, opening position, and wind
direction is analyzed using three different estimates of the
ventilation flow rates: based on the time-averaged pressure
(Qparg)s the time-averaged velocity (Qua), and the

instantaneous velocity (Q,,;,s). Considering the opening size,
the ventilation rates increase linearly with the opening size,
such that the normalized ventilation rates, defined as Q/(A -
U,.f), remain approximately constant for the different cases.
Given this observation, the following discussion focuses on the
effect of the wind direction and opening position on the
normalized ventilation rate.

Figure 7 presents the estimated ventilation rates for the
ventilation layout with the 5% wall porosity and both
openings in the center under the different wind directions.
The three rows correspond to the three wind directions of 0°,
45° and 90°". The plots present the time series and corresponding
distribution of the normalized Q,, ;,,s(f) and it includes the average
values obtained from Qp,4yg and Q4. for comparison. The red
dashed line in the 0° case (top row) is the PIV measurement from
the reference wind-tunnel experiment (Karava et al., 2011). For
the 0° wind direction, all three LES predictions compare well to
each other and to the measurement. In the 45° case, the pressure-
based non-dimensional ventilation rate starts to deviate from the
velocity-based values by 10%. This discrepancy can be attributed
to the fact that the discharge coefficient C, varies as a function of
the wind direction. For the wind direction of 90°, Qua. is
expected to be 0, since the symmetry in the flow results in the
average pressure difference between the openings being 0. The
fact that the calculated rate is not exactly 0 can be attributed to
statistical convergence errors. The mean velocity field is also
symmetrical, but there is a very small bi-directional mean flow
through each opening, such that Q,,,, predicts a very small
ventilation rate. Finally, Q,, ;,,» which is the only measure that can
account for turbulent air exchange, predicts a ventilation rate that
is more than twice the value of Q, 4.,

Figure 8 summarizes the predictions of the normalized
ventilation rates for all wind directions and configurations.
The three columns correspond to the three wind directions
and the four rows correspond to four ventilation
configurations with different positions for the inlet and outlet.
For each case, the blue, black, and Gy bars indicate the ventilation
rates computed with the time-averaged pressure, the time-
averaged velocity, and the instantaneous velocity fields. The
results confirm that the observations from Figure 7 hold
across the different configurations. First, for the 0° wind
direction, the ventilation rates calculated using the different
methods agree quite well. For the configurations that have
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openings closer to the roof or the floor, a discrepancy of 10%
occurs between the pressure-based and velocity-based estimates.
These differences can be attributed to the fact that changes in the
flow directions just upstream and downstream of the openings
will affect the value of C,;. Second, for the 45° wind direction, the
discrepancies between the pressure-based and velocity-based
estimates are on the order of 10% for all configurations.
Again, the change in the wind direction affects the flow
directions upstream and downstream of the openings, which
in turn affects C; This finding is consistent with previous
research (Karava et al., 2004). Third, the 90° case shows the
largest difference between the three predictions. The pressure-
based predictions for configurations where the openings are

positioned at the same height are negligibly small due to the
symmetry in the flow. When the openings are located at different
heights, there is a small pressure difference that predicts a slightly
higher ventilation rate. The predictions based on the average
velocity also predict small ventilation rates, due to a small bi-
directional mean flow through each opening. In all
configurations, the values based on the instantaneous velocity
predict ventilation rates that are up to two times higher. This
confirms that the averaging process used when calculating Q, 4,
and Q. filters out the velocity fluctuations that dominate
ventilation flow for the 90° wind direction.

Comparing the values of Q;,,s across all wind directions and all
configurations, it is observed that the wind direction has a more
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important effect than the location of the openings. The 0° cases
consistently show the highest ventilation rate. The ventilation
rates are 7-22% lower for the 45° case, and 53-62% lower for the
90° case. Across the different opening locations, the configuration
with both openings at the top has the highest ventilation rate. This
higher ventilation rate occurs because the inlet directly
encounters higher wind speeds at this higher height and
because the pressure at the outlet is lower. The maximum
decrease compared to this configuration varies from 5% for
the 45° and 90° wind directions to 20% for the 0° wind direction.

3.2.2 Discharge Coefficient
As presented in Section 3.2.1, the ventilation rate estimated using
the pressure difference between the openings (Eq. 7) can be
inaccurate when using a constant discharge coefficient (C; =
0.61). This discrepancy was indeed observed in Sec. 3.2.1. In this
section, we compute the value for C; that results in Q, 4, being
equal to Q,;,s for 10 different cross-ventilated configurations
with different wall porosity, opening position, and wind direction
(see Figure 3). The configurations with a wind direction of 90° are
not included, considering that the mean pressure difference is
zero due to the symmetry in the flow field. In Figure 9, the
resulting C; is plotted against the corresponding opening
Reynolds number (Re, = Uypening = @n/v), Where Uspening =
Quind/A is the velocity at the opening, dj, is the hydraulic
diameter of the opening, and v is the kinematic viscosity of air.
The estimated C; values vary from 0.53 to 0.71. Considering
first the same wall porosity of 5%, the discrepancy in C, can be
explained as an installation effect, because the size and the shape
of the openings are identical but their position varies. As a result,
the C, values can largely be categorized according to the wind
direction. For the 45° cases, C; = 0.57, regardless of the opening
position. These cases also have very similar flow rates, and hence
similar values of Re,. For the 0° cases, there is a more significant
variation in both C; and Re,. In general, C; is larger than for the
45° cases, and the values are linearly correlated with Re,. We note
that this result does not imply that the C; value for a specific
opening at a specific location is a function of Re,. To investigate
such a relationship, simulations with identical configurations but
different incoming wind speeds should be compared. Finally,
considering the effect of the wall porosity, the results indicate that

C, increases with wall porosity. Similarly, Re, increases linearly
with the porosity, since larger openings have a larger hydraulic
diameter. In summary, the results demonstrate that C; is a
function of multiple parameters, including the wind direction,
the opening location, and the opening size. This finding is
consistent with previous studies (Vickery and Karakatsanis,
1987; Carey and Etheridge, 1999; Karava et al., 2004; Kato,
2004; Etheridge, 2011; Yi et al,, 2019).

3.2.3 Age of Air

The ventilation rate gives information on the overall air indoor/
outdoor air exchange, but it does not reveal whether a space is
uniformly ventilated. The local age of air, computed at 94,000
uniformly distributed points, provides this additional insight.
Assuming that the local age of air is inversely correlated to the
velocity fields visualized in Section 3.1, it can be expected that the
spatial distribution of the age of air is more sensitive to the wind
direction than to the size or the position of the openings. Hence,
Figure 10 first visualizes the local age of air on the horizontal
center-plane for the 0°, 45°, and 90° wind directions with the
opening locations fixed at the center.

For the 0" and 45" degree wind directions, the age of air values
indeed show an inverse correlation with the corresponding
velocity magnitudes shown in Figure 6: the higher the velocity
magnitude at a point, the lower the mean age at that point. This
correlation occurs because of a well established mean flow
pattern, where the air near the inlet has the highest velocity
and the lowest age. For the 90° case, this mean flow pattern is not
observed. With the window openings being parallel to the mean
wind direction, ventilation occurs primarily through turbulent air
exchange. The resulting age of air is significantly higher, with the
minimum values near the openings on the order of the maximum
values observed in the 0° and 45" cases. The resulting spatial
distribution of the age of air is also non-uniform, with the indoor
area downstream of the window opening less well ventilated than
the upstream region.

Figure 11 visualizes the effects of the wind direction (A), the
opening position (B), and the wall porosity (C) on the frequency
distributions of the age of air collected from all uniformly
distributed points in the indoor space. In each plot, one
parameter is varied, while the other two are fixed. Regarding
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the effect of the wind direction, Figure 11A confirms the
observations from Figure 10. First, the age of air is two to
three times higher for the 90° case than for the 0° and 45°, due
to the absence of significant mean flow. Second, the non-uniform
ventilation of the indoor space in the 90° case is reflected in the bi-
modal shape of the frequency distribution. An additional
observation is that the distributions for the 0° and 45° degree
cases have very similar mean values (0.612 vs. 0.637), but their

shapes indicate that the 0° case provides a better overall
ventilation pattern.

Figure 11B visualizes the impact of the different inlet and
outlet positions, which is less pronounced than the influence of
the wind direction. The distributions are quite similar, with
maximum differences of 20% in the mean values and 30% in
the standard deviations. The differences are related to the
changing directions of the inflow shown in Figure 5. The
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TABLE 1| Summary of age of air statistics for ventilation configurations with a wall
porosity of 5%.

0 45° 90°
Top/Top u = 0.662 u=0.734 u=1.863
o= 0.096 o=0.144 0=0.194
Center/Center u=0.612 u =0.637 u=1729
o =0.082 o=0.109 0=0.218
Bottom/Bottom u=0.734 u=0.765 u=1.887
g=0.106 o=0.139 o=0.162
Bottom/Top u = 0.699 u=0.767 u=1784
0=0.104 0=0.153 o=0.162

spatial mean of the age is lowest for the center/center
configuration, when the airflow entering through the inlet
does not interact with the roof or the flow. The mean age
increases when the inlet is at the top or the bottom and the
airflow entering through the inlet does interact with the roof or
the floor. The mean age of air is 8% higher for the top/top
configuration than for the center/center configuration, even
though the ventilation flow rate is 9% higher. For the bottom/
bottom and bottom/top configurations, the mean age is 14 and
20% higher, respectively.

Finally, Figure 11C presents the effect of the wall porosity. As
expected, larger openings result in a smaller mean value and a
smaller standard deviation of the spatial distribution of the age,
since the larger openings allow more airflow through a larger
portion of the indoor space. This decreasing trend of mean age
with respect to the opening size agrees with the increasing trend
in ventilation rate.

Table 1 summarizes the mean and standard deviation of the
spatial distribution of the age of air for the 12 ventilation
scenarios, where the three columns correspond to different
wind directions and the four rows correspond to different
opening locations. All configurations shown have a wall
porosity of 5%. The reported statistics confirm the
observations based on the few sample results in Figure 11: the
mean age increases non-linearly as the wind direction changes
from 0° to 90° for all ventilation configurations, and the influence
of the opening location is smaller than the influence of the wind
direction. Comparison to the ventilation rates reported in
Figure 8 indicates that the spatial average of the age is
generally negatively correlated with the ventilation rate,
although exceptions occur when the flow pattern changes due
to the location of the inlet.

3.2.4 Ventilation Efficiency

The ventilation efficiency, which is the ratio of the ventilation rate
in terms of the nominal time to twice the spatial average of the age
of air, is a commonly used non-dimensional metric that
represents how effectively ventilation occurs in a space.
Table 2 summarizes the ventilation efficiency for the 12
ventilation configurations for which the age of air statistics
were presented in Table 1. All configurations have an
efficiency greater than 0.426, with the highest value of 0.606

LES of Wind-Driven Cross-Ventilation: Part 2

TABLE 2 | Summary of ventilation efficiency.

0’ 45° 90°
Top/Top 0.450 0.521 0.420
Center/Center 0.530 0.606 0.478
Bottom/Bottom 0.480 0.534 0.426
Bottom/Top 0.533 0.523 0.443

for the configuration with the openings in the center and a wind
direction of 45°. When both the inlet and the outlet are at the
same height (top/top, center/center and bottom/bottom), the
wind direction of 45° is the most efficient, followed by the 0°
and 90° wind directions. For the configuration with the inlet at the
bottom and the outlet at the top, the 0" and 45° wind directions
have similar efficiencies. The 90" wind direction is the least
efficient in all cases. Considering the opening locations, the
configuration with the openings at the center is most efficient,
independent of the wind direction. The central location of the
inflow results in more efficient mixing throughout the indoor
environment. When both openings are at the top or the bottom,
the opposite side of the room is less efficiently ventilated. By
placing one opening at the bottom and one a the top, the
efficiency can be somewhat increased, because the air is forced
to flow vertically between the inlet and the outlet opening.

To conclude, we note that the efficiency as defined in the
current study does not directly indicate freshness of a space;
instead, it represents how effectively ventilation occurs within the
space given the amount of fresh air coming into the space. As a
result, a high ventilation efficiency does not necessarily imply a
well-ventilated space. For example, the efficiency for a specific
configuration is at most 25% lower for the 90° wind direction than
for the 0° wind direction, despite the much higher age of air in the
90° cases (see Figure 11). To ensure that sufficient fresh air is
efficiently supplied to an indoor space, the ventilation flow rate
and the age of air should be considered independently.

4 CONCLUSION AND FUTURE WORK

LES simulations of an isolated building with wind-driven cross
ventilation were performed to investigate the effect of the opening
size, opening location, and wind direction on the ventilation flow.
The effects are quantified using different ventilation measures,
including time-averaged and instantaneous ventilation flow rates,
the age of air and the ventilation efficiency.

Considering the ventilation rate, the simulation results
indicate: 1) linear scaling of the ventilation rate with the
opening area, 2) a pronounced effect of the wind direction,
with a decrease in the ventilation rate of up to 62% when the
wind direction changes from 0° to 90%, and 3) a smaller effect of
the opening location, with differences in the ventilation rate of up
to 20%. Considering a fixed wall porosity of 5%, the ventilation
rate was found to be highest for the 0° wind direction with both
openings at the top. As the inlet opening moves closer to the
ground, and as the wind direction increases to 90°, the ventilation
rate decreases. Comparison of the ventilation rates calculated
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using the time-averaged pressure difference and the time-
averaged velocity show differences of around 10% for the 0°
and 45° wind directions. These differences are due to installation
effects that affect the value of the discharge coefficient. Since these
wind directions have a well-defined mean flow through the
upstream opening, the differences between ventilation rates
calculated using the time-averaged and instantaneous velocity
are negligible. In contrast, for the 90 wind direction, the mean
flow velocity is negligible, and the ventilation process is driven by
turbulent air exchange at both lateral openings. When turbulent
fluctuations are the primary ventilation mechanism, an accurate
calculation of the ventilation rate requires knowledge of the
instantaneous velocity field.

The spatial average of the age of air is generally found to be
negatively correlated with the overall flow rate, although
exceptions are found to occur when the location of the
openings changes the flow pattern and corresponding age
distribution. For example, considering the configurations with
5% porosity for the 0° and 45° wind direction, the configuration
with both openings at the top has the highest flow rates, but it also
has a slightly higher mean and standard deviation for the age of
air than the case with both openings at the center. This result
indicates the added value of information on the spatial
distribution of the age of air when evaluating different design
options.

Lastly, the ventilation efficiency was found to be highest for the
configuration with both openings in the center, and the wind
direction for 45°. We note that the efficiency should be interpreted
with care, since it only provides a metric of how efficiently the
space is ventilated given the specific ventilation flow rate. Hence,
it does not reflect the overall freshness of air in the space.

The results of this study indicate the significant potential of
LES towards assessing wind-driven natural ventilation
performance. The simulation results provide accurate
information on the overall ventilation flow rate, while also
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