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Abstract

Prediction of single-sided natural ventilation is difficult due to the bi-directional flow at the
opening and the complex flow around buildings. A new empirical model was developed that can
predict the mean ventilation rate and fluctuating ventilation rate due to the pulsating flow and
eddy penetration of single-sided, wind-driven natural ventilation in buildings. The governing
equation is based on the non-uniform pressure distribution along the opening height. The new
model shows that the ventilation rate and wind velocity are linearly correlated. This investigation
studied the eddy penetration effect in the frequency domain based on fast Fourier transform.
Large Eddy Simulation (LES) and experimental data were used to validate the new empirical
model. The model has also been used to analyze the influence of the opening geometry and
elevation on the ventilation rate.
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Nomenclature

A Area X X position

Cy Discharge coefficient z Z position

Co Pressure Coefficient Zo Z position of the neutral plane
H Opening height

k Wave number o Root mean square (RMS)
I Opening width v Viscosity

n Frequency 0 Wind incident angle

P Pressure

Q Mean flow rate Subscript

Qin Inflow rate I Parallel to the opening
Qout Outflow rate 1 Normal to the opening

q Fluctuating flow rate e Eddy penetration




S Power spectrum eff Effective

Sj Strain rate tensor [ Internal

T Temperature p Pulsating flow

t Time ref Reference value at 10 m
U Instantaneous speed w Wind

U Mean Speed Superscript

u Fluctuating speed Tilt In frequency domain

1 Introduction

Buildings use 40% of the primary energy in the United States, with a significant part of
this energy being used to cool buildings [1]. As green buildings are becoming a trend in building
design, natural ventilation has been drawing much attention in recent years for its ability to
provide good thermal comfort [2] and indoor air quality [3] while utilizing a minimum amount of
energy compared to that of mechanical ventilation. Natural ventilation can usually be classified
into cross ventilation and single-sided ventilation. Cross ventilation is often favored for its larger
air exchange rate than single-sided ventilation. However, in most cases, few buildings can
achieve cross-ventilation due to the interior partitions, obstacles, and thicknesses. Therefore,
single-sided ventilation is still of great importance in building design.

The major characteristics of single-sided ventilation are the fluctuating effect and the bi-
directional flow at the opening. Among early studies, Warren [4] gave rather simple equations
for wind- and buoyance-driven natural ventilation as

1 ATH
Qstack = E A\aff Cd ?eg (1 )
Q, =0.025A,U,, (2)

where Cyis 0.6, Aer is the effective opening area, Qsack is the buoyancy-driven ventilation rate,
and Q, is the wind-driven ventilation rate. The equation for wind-driven natural ventilation is an
empirical correlation and has been used to provide a baseline for natural ventilation design.
Phaff and De Gids [5] developed a semi-empirical correlation considering the mean, fluctuating
flow, and buoyance effect as shown in Eq. (3)

Uy =+/CU,2 +C,HAT +C, (3)

where C;, C, and Czare empirical constants. The effective velocity Uris used to calculate the
ventilation rate via Eq. (4).

Q=0.5AU,, )




The coefficient of 0.5 in Eq. (4) is based on the assumption that each incoming and outgoing
flow consists of half of the opening area.

Larsen and Heiselberg [6] developed a similar semi-empirical equation with additional
consideration of different wind directions as
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where f(6) is the function of wind incident angle determined experimentally and AC, is the
largest measured deviation of the C, at the opening. They found that the wind direction had an
unclear effect on the single-sided ventilation rate. A recent experimental investigation conducted
by Caciolo et al. [7] examined the three models mentioned above and found that the simplest of
Warren’s equations gave the best overall results. However, the accuracy of all the equations is
not very satisfactory and a major difficulty with the above correlations is the prediction of the
fluctuating ventilation rate.

The fluctuating ventilation rate is the result of pulsating flow and eddy penetration.
Haghighat et al. [8] studied the pulsating flow into a building when the wind was normal to the
opening. They developed an equation for predicting a fluctuating ventilation rate in the
frequency domain. The governing equation was based on Newton’s Second Law. Linearization
on the governing equation was made to use Fourier transform. The results calculated by the
model show a good agreement with the experimental data. However, the model is limited to a
condition in which the wind is normal to the opening and the assumption that a fluctuating
velocity probability obeys a normal distribution. Eddy penetration is dominant when the wind is
parallel to the opening [9]. Malinowski [10] suggested that only an eddy scale smaller than the
opening scale can penetrate into a room. For studies on eddy penetration, there has been no
quantitative analysis according to our recent literature review.

It is also hard to perform experimental measurements of single-sided ventilation, and the
measured data is often of poor consistency. Since single-sided ventilation is largely influenced
by the fluctuating wind velocity, the tracer-gas decay method is not suitable because it can only
be used for steady state conditions. Another way is to measure the velocity distribution at the
opening. However, for typical velocity measurements, such as hot wire anemometry, the
equipment size will pose a limitation on the number of positions that can be measured [11].
Though advanced velocity measurement techniques such as laser Doppler anemometry can
measure the velocity from a distance, they can only detect the velocity at one point each time
and the equipment is usually very expensive [12]. Due to the random structure of wind,
experimental measurements using particle imaging velocimetry would not yield meaningful
results. Therefore, many researchers use Computational Fluid Dynamics (CFD) as an
alternative to study single-sided ventilation. Jiang and Chen [13] used a Large Eddy Simulation
(LES) model to calculate the ventilation rate and their results agreed well with the experimental
data from Dascalaki et al. [14]. LES models are superior to Reynolds Averaged Navier-Stokes
equation (RANS) models in single-sided ventilation because LES solves Navier-Stokes
equations directly for eddies larger than the subgrid scale and they can capture the flow
detachment and reattachment at the edge of the building enclosure, while RANS models
generally cannot. However, CFD needs very detailed information about the buildings and the



computing cost can be very high. Thus, CFD is not used for initial and conceptual designs of
natural ventilation.

This investigation intended to develop a new empirical model for predicting both the
mean and fluctuating ventilation rate and the bi-direction velocity profile at the opening for
single-sided wind driven ventilation. The model should consider the eddy penetration effect on
the ventilation rate. The intention is to use the model for the initial and conceptual design. Our
study will also quantify the influence of eddy penetration on ventilation rate and validate the
model by LES simulations.

2 Empirical Model Development

The model developed in this investigation consists of three parts: (1) ventilation rate due
to mean airflow, (2) fluctuating ventilation rate contributed by pulsating flow, and (3) fluctuating
ventilation rate due to eddy penetration.

2.1 Ventilation rate due to mean airflow

For a room with a single opening, bi-directional flow will occur at the opening. The inflow
and outflow are governed by the non-uniform wind pressure distribution along the opening
height, as indicated by Figure 1. The wind pressure on the opening is
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Figure 1 Bi-directional flow for wind driven single-sided ventilation
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The pressure coefficient C, on the opening can be considered constant since the opening size
is quite small compared to the building fagade. Therefore, the wind pressure is only a function of
the wind velocity. The wind velocity profile in the atmospheric boundary layer can be
represented by the power law equation [15] as



where a and Y [16] are listed in

U(z) =Urefa[

ref
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Table 1. In this study, a is assumed to be 1.0 and Y to be 0.14, since we considered only flat
terrains.



Table 1 Wind profile for different terrains

Terrain a Y
Flat terrains with a few trees or small 1 0.14
buildings
Rural areas 0.85 0.20
Urban areas, industrial areas or forests 0.67 0.25
Large cities 0.47 0.35

The pressure difference that causes flow across the opening is

AP(2) =%cpu (2) P

where internal pressure can be calculated at the neutral plane (at zy) as
p-1,cuy
i _Ep p (ZO)
By using the orifice model, the inflow rate can be calculated as:

2AP(z)

Qin :j‘cdl dz

Qout _ J'Cdl _ZAP(Z)dZ
0 V P

According to mass balance at the opening

The outflow rate is:

Q = Qin = Qout
By combining Egs. (7) - (12), then we have
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The wind velocity can be decomposed into mean and fluctuating velocity as
U=U+u

Then, we have the ventilation rate due to mean flow as:

(10)

(11)

(12)

(13)

(14)



2 2
Cdl‘/CpJ. z7 —z]dz (15)
. 17 U

z

Q=

ref

2.2  Fluctuating ventilation rate contributed by pulsating flow

By combining Egs. (13) and (14), we can obtain Eq. (16) for fluctuating ventilation rate due to
pulsating flow,
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where o, is the fluctuating ventilation rate due to pulsating flow.

2.3 Fluctuating ventilation rate due to eddy penetration

As indicated by Straw et al. [9], Malinowsski [10], and Haghighat et al. [17], the
fluctuating ventilation rate is also influenced by the eddy penetration but the impact has not
been quantified. Malinowski [10] demonstrated that only an eddy with a scale smaller than the
opening size can penetrate into the room. For natural ventilation, the outdoor wind contains
eddies of different sizes, ranging from several hundred meters to micrometers [18]. Determining
and filtering the eddies by their size needs spatial spectrum analysis of the wind velocity. Spatial
spectrum is very difficult to obtain directly, but it can be calculated from the temporal spectrum.
By assuming the outdoor wind as a homogenous turbulent flow, the Taylor Frozen hypothesis
can be applied so that the temporal spectrum can be converted to a spatial spectrum via

S(k)=S(n)=L_JTS(ﬁ)dﬁ (17)

where k=n/U

As shown in Eq. (13), the ventilation rate is linearly proportionate to the wind velocity;
therefore, it is reasonable to expect that the linearity still exists for the spectra of wind velocity
and ventilation rate. The governing equation for the eddy penetration rate in the frequency
domain thus is

q. = CAu,, (18)

where C=C,,/C, /2 and u, is the fluctuating velocity parallel to the opening in the frequency
domain.

The spectrum of velocity can then be correlated to the root mean square (RMS) of the
eddy penetration rate (fluctuating ventilation rate due to eddy penetration) as



o, =C2AZUJ S(n)dn (19)
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The lower and upper limits of the integral represent the size of the penetrated eddies.

Furthermore, the total RMS of the ventilation rate (fluctuating ventilation rate due to both
pulsating flow and eddy penetration) is calculated from

o, = /0q92+0qp2 (20)

Thus, we have developed empirical models for predicting the mean ventilation rate and
fluctuating ventilation rate for single-sided wind driven ventilation as Eq. (15) and Eq. (20),
respectively.

3 CFD Model

This investigation performed several CFD simulations for different wind conditions to
generate high fidelity data for validating the empirical models developed. The CFD simulations
used LES to study single-sided ventilation due to its better accuracy than the RANS models [13].
LES filters the flow by eddy scales and resolves the Navier-Stokes equation directly for eddies
larger than the scale. To filter a flow variable, ¢, by using a filter function, G, the filtered variable

é is
09 = [ #(x)5 (x, x)dx' 21)

Our study used numerical grid size as the filter size. The filtered Navier-Stokes equation is (the
over bars in this section represent filtered variables)
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where z;is the residual stress tensor that needs to be modeled. Sj is the strain rate tensor:

— 1{ou ou;
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This study correlated z;; with the strain rate tensor by the Boussinesq hypothesis

P 1 S
T —gz'kké' =205 S

(24)
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The isotropic part 7, is zero for incompressible flow; thus, the residual stress tensor is simply
proportional to the strain rate tensor. The vg;gis the subgrid scale turbulence viscosity defined
by the Smagorinsky-Lilly model [19] as

Usgs = (CSGSA)Z 25 S; (25)

where Css is the Smagorinsky constant and A is the grid scale.



The pressure velocity coupling scheme used is SIMPLE. The momentum discretization
scheme is the bounded central differencing and for the temporal discretization, the second order
implicit method is used [20]. The LES was used to generate accurate flow data for validating the
new empirical models.

4 Results and Discussion
4.1 Case setup

This investigation used LES to calculate five cases of single-sided natural ventilation.
The simulations needed fluctuating wind velocity in the inlet boundary conditions, which were
generated by synthesizing a divergence-free velocity field from the summation of Fourier
harmonics [21,22]. Figure 2 compares the instantaneous velocity generated by the method with
the mean wind velocity.
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Figure 2 Transient velocity (black squares) and mean velocity (solid line) at the inlet for LES



Our study used the building geometry from [14] for the CFD simulations. The building dimension
was 3.6x2.4x3.3 (m®) with an opening of 1x2 (m?) as shown in

Figure 3. The computing domain was much larger than the building to obtain a fully
developed flow and for better convergence.




Figure 3 CFD domain and building geometry

Table 2 summarizes the cases studied where the first five cases used the building
geometry from Dascalaki et al. [14] and two of them had experimental data. Our investigation
first compared the CFD simulation results (Qcrp) with the experimental data (Qeyp) from
Dascalaki et al. [14] for Cases 1 and 2. Since the ventilation rates calculated by CFD were
similar to those measured, CFD was further used to generate three more cases (Cases 3, 4,
and 5) for a room with different wind velocity and direction. Cases 6 and 7 were from the
experiment conducted by Caciolo et al. [7], and only the wind dominant cases from their data
were chosen to compare with the predicted results. The room geometry for Cases 6 and 7 was
3x3.5x2.5 (m®) on the second floor of a building and the opening size for the room was 1x1
(m?). Since their study did not provide sufficient information about the whole building, we could
not perform CFD simulations for the two cases. However, the experimental data can be used to
compare with the data calculated by the new empirical models.



Table 2 Comparison of predicted, measured, and CFD calculated ventilation rates

Uref 0 Qpred QCFD Qexp Jq e O-Qp O-qPred Uq CFD
Case1 2.05 68 0.0555 0.0602 0.0540 0.0143 0.0083 0.0166 0.0166
Case2 2.59 60 0.1020 0.0791 0.0914 0.0278 0.0178 0.0330 0.0263

Case3 3.00 90 0.3600 0.3405 - 0.1025 0.0541 0.1159 0.1403
Case4 3.00 30 0.3647 0.3750 - 0.0414 0.0548 0.0687 0.0672
Caseb 3.00 0 0.4729 0.4636 - - 0.0711  0.0711 0.0840
Case6 3.9 152  0.1118 - 0.0882 - - - -
Case7 3.4 145  0.0975 - 0.0802 - - - -

4.2 Comparison of the ventilation rates determined by different methods

Cases 1 and 2 in Table 2 show that the difference is less than 15% between the
ventilation rates measured and those calculated by CFD. This proves that the CFD simulations
were accurate and reliable. Also, Q. and Qcrp were compared with the empirical model result,
Qpreq- The three values agree with each other well. Furthermore, CFD simulation can obtain the
fluctuating ventilation rate, g, ., which can be compared with that calculated by the empirical

model. For the empirical model, the fluctuating ventilation rate, Ogprea’ is the square root sum of
the eddy penetration rate, g, , and pulsating flow, Tg,,- Table 2 lists the three components,
and Ogpreq A0TEES well with o, ...

Cases 3, 4, and 5 were for different wind directions. The mean and fluctuating ventilation
rates calculated by CFD were compared with those by the empirical models, and the agreement
between them was good. Cases 6 and 7 have only measured mean ventilation rate since the
building information was insufficient to perform CFD simulations. The differences between the
measured data and the empirical predictions were slightly larger than in the other cases
because the opening was at the leeward side where the flow field near the opening was much
more complicated.

The wind direction has a large influence on ventilation rate. When the wind incident
angle is around 70°, the absolute value of the pressure coefficient approaches to zero.
According to Egs. (15), (16), and (19), both the mean and fluctuating ventilation rates were
much smaller than those when the wind was normal or parallel to the opening. When the wind
direction was parallel to the opening, eddy penetration was dominant in the fluctuating
ventilation rate, as shown in Case 3. When the wind direction was normal to the opening, there
was no eddy penetration and the fluctuating ventilation rate was only caused by the pulsating
flow. The fluctuating ventilation rate when the wind was parallel to the opening should be larger
than the rate when the wind was normal to the opening, due to the stronger turbulence effect.



Figure 4 correlates all the predicted results by the empirical model with the CFD and
experimental data. The squares represent the mean ventilation rate and the triangles stand for
the fluctuating ventilation rate. The figure shows that the predicted values by the empirical
models were generally within £20% error bars of the measured data or CFD results.
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Figure 4 Comparison of predicted ventilation rate with CFD and measured ventilation rate

4.3 Impact of eddy penetration on fluctuating ventilation rate

Figure 5 illustrates the impact of eddy penetration in the frequency domain on the
ventilation rate. Figure 5(a) shows the fluctuating spectra of the ventilation rate when the wind
was parallel to the opening (Case 3). The red line is the spectrum of the ventilation rate directly
calculated from the CFD results, which can be considered as the actual fluctuating ventilation
rate. The purple line is the spectrum of the ventilation rate calculated by Eq. (26) without

considering the eddy penetration:
n [z oz )
Cdl‘/CpJ' z" —z/dz
- 7

ref

Sy(n) =

Sy(n) (26)

where S, (n)is the fluctuating velocity spectrum at the inlet. The blue line is the spectrum of the
ventilation rate calculated by Eq. (27), which includes the eddy penetration effect by
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where S, (n) is the spectrum of the fluctuating velocity component that is parallel to the opening.
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Figure 5 Spectra of the fluctuating ventilation rate (a) when the wind was parallel to the opening
and (b) when the wind was normal to the opening

When the frequency is around 1, the corresponding eddy scale can penetrate into the
opening. The results in Figure 5(a) indicate that, when the frequency is greater than 1, the red
line will become much larger than the purple line. The difference is the energy of the penetrated
eddies. When eddy penetration is considered, the blue line is closer to the red line (actual value).
However, some discrepancies still exist because of the use of the Taylor Frozen hypothesis.
This hypothesis is applied to convert the spectrum in the temporal domain into the spatial
domain to filter the eddies based on their scales. It will lead to two problems: 1) the hypothesis
assumes the flow is a homogeneous turbulent flow, which in this case may not be satisfied; 2)
the mean velocity at the opening in Egs. (19) and (27) was replaced by the mean wind velocity
at the far field. Despite the two problems, this investigation used the Taylor Frozen hypothesis
due to its simplicity and good overall accuracy.

Figure 5(b) shows the ventilation rate spectra when the wind is normal to the opening.
The red line is the spectrum of the fluctuating ventilation rate calculated by CFD. The purple line
is the spectrum of the ventilation rate calculated by Eq. (26) without considering the eddy
penetration and agrees well with the CFD result. Compared with Figure 5(a), there was no eddy
penetration when the wind was normal to the opening, which was consistent with the
assumption made in Eq. (18).



4.4 Discussion

The model can predict the mean velocity component that is normal to the opening via

C, ‘Cp(zzn _ Zgn)‘ .
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WhenC, -(z*" - z;") > 0, the flow goes inwards to the building and when C - (z*" —z;") <0, the

flow goes outwards. As indicated by Eq.(28), when the pressure coefficient, C,, is positive, the
inflow will be in the upper part of the opening, and when it is negative, the inflow will be in the
lower part of the opening.

This model assumes that the velocity along the opening width is the same. However, the
results from CFD for Case 4 as shown in Figure 6(a) show that the velocity along the opening
width is not uniform. Eq. (29) can be used to average the CFD results along the opening width
to compare with those calculated by the empirical model:

ZJJ.(ti’Xk’Z)
D T (29)

Use(2) = |

where k is the summation index through the opening width and At is the time period for the
calculation. Then one can compare the velocity profile at the opening calculated by CFD with
the profile by the empirical model.
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Figure 6 (a) Y-velocity (normal to the opening) contour and (b) predicted Y-velocity profile
versus averaged Y-velocity profile from CFD

Figure 6(b) compares the averaged velocity profile by CFD with that by the empirical
model. In general, the two profiles are similar but with some differences in the lower part of the
opening where the flow goes outwards. One possible reason is that the outflow will interact with
the incoming wind and thus distort the flow field, which can be accounted for by CFD but not by
the empirical model.

As mentioned in section 4.2, the wind direction will have a large influence on the
ventilation rate. A more detailed analysis on the impact of wind direction on eddy penetration
rate is necessary. Figure 7(a) shows the pressure coefficient for different wind directions. The
pressure coefficient is normalized by the pressure coefficient when the incident angle is 90° (the
pressure coefficient for this case is negative). We selected 90° because the eddy penetration
rate is the largest. When the incident angle is smaller than 70°, the normalized pressure
coefficient is negative and the absolute value decreases as the incident angle increases. For an
incident angle between 70° to 90°, the normalized pressure coefficient is positive and the
absolute value increases as the incident angle increases. Note that the actual pressure
coefficient will decrease monotonically with an increasing incident angle for windward cases
because the wind load on the opening side reduces with the incident angle. For an incident
angle larger than 90°, the pressure coefficient is around a certain value. This is mainly due to
the weak zone at the leeward side [23,24].

Figure 7(b) depicts how the wind incident angle affects the eddy penetration. The eddy
penetration rate is normalized by the penetration rate when the incident angle equals 90°.
According to Eq.(18), the two maijor factors that determine the eddy penetration rate are the



pressure coefficient and the parallel velocity component. The eddy penetration rate will increase
with the absolute pressure coefficient and the parallel velocity. When the incident angle is
smaller than 90°, the parallel velocity will increase monotonically and yet the absolute pressure
coefficient will first decrease and then increase. This will result in a dip of the eddy penetration
rate at around 70° where the pressure coefficient is close to zero. It should be noted that zero
pressure coefficient may not exist in reality due to the fluctuation of the wind.
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Figure 7 (a) Normalized pressure coefficient for different wind directions and (b) normalized
eddy penetration rate for different wind directions



Other important factors influencing ventilation rate are the opening size and the elevation.
The existing models for predicting ventilation rates often assume a linear relation between
ventilation rate and opening size. Our model (Egs. (15), (16), and (19)) shows that the opening
height and width will result in non-linearity of the ventilation rate for single-sided ventilation. The
effective velocity at the opening is defined as

Ueff = (30)

N[>0

where Q can be either mean ventilation rate or eddy penetration rate. Figure 8Error! Reference
source not found. shows the influence of opening size on the effective velocity. The effective
velocity is normalized by that of unit opening width or unit height. The solid line represents the
effective eddy penetration velocity. As the opening width increases, the effective eddy
penetration velocity also increases because more eddies can penetrate into the opening. Since
the velocity spectrum variation is nonlinear, the effective velocity variation is also nonlinear,
based on Eq. (19).

The dashed line represents the effective velocity changes with the opening height. As
the opening height increases, the pressure difference along the opening height will increase.
Pelletret et al. [25] conducted several experiments for single-sided ventilation and found a
nonlinear increase in the ventilation rate with the opening height. Our model (Eq. (13)) indicates
that as the opening height increases, the pressure difference along the opening height will
increase. Thus, this will result in a nonlinear increase of the ventilation rate or effective velocity,
which agrees well with the findings from Pelletret et al.
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Figure 8 Normalized effective velocities for different opening widths and heights



The opening elevation to the ground can also influence the effective ventilation rate. As
the elevation increases, the approaching wind velocity will also increase in the atmospheric
boundary layer. Both an increase in wind velocity and elevation will have an influence on the
ventilation rate. To differentiate the two factors, this investigation studied two cases: Elevation-1
and Elevation-2, as shown in Figure 9(a). Elevation-1 assumed an opening elevation change
from 1 m to 2 m, but the wind velocity remained unchanged at 3.0 m/s. This is a case of
changing wind profile as shown in the left figure of Figure 9(a). Elevation-2 changed the
elevation but used the same wind profile so that the wind velocity at the opening would change.
Figure 9(b) illustrates the impact of elevation on effective velocity for the two scenarios. The
ventilation rate will decrease along with the elevation for both cases, due to the pressure
decrease along the opening height. Scenario Elevation-2 has a higher ventilation rate than
Scenario Elevation-1 because of the change of velocity in the opening.

Note that the above analysis is true for a building with only one opening. For single-sided
ventilation with multiple openings, the result could be different since some openings will only
have inflow and some will only have outflow. The governing force will be the wind pressure
difference between each opening rather than the pressure difference along one opening height,
as proposed in our models.
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Figure 9 (a) The impact of opening elevation on ventilation rate (a) scenarios of elevation

change and (b) normalized effective velocities for different elevations

5 Conclusion

This paper proposed new empirical models to predict a single-sided, wind-driven ventilation
rate. The study led to the following conclusions:

1)

Based on the pressure difference along an opening height, the empirical models can
calculate the mean and the fluctuating ventilation rate through the opening. The
fluctuating ventilation rate is a combination of pulsating flow and eddy penetration. This
investigation used spectrum analysis to quantify the eddy penetration effect and has
proved the eddy penetration to be a major factor when the wind is parallel to the opening.
CFD simulations of single-sided natural ventilation by LES were performed. The
simulated results together with experimental data from the literature were used to
validate the new empirical models. The differences between the empirical model
predictions and CFD and/or the experimental data were less than 25%.

The profile of the normal velocity component at an opening can be predicted by our
model, which also agrees with the CFD result.

This investigation also found that eddy penetration was zero when the wind incident
angle was 0° due to zero parallel velocity, and the penetration was low when the angle
was around 70° due to the low absolute pressure coefficient. The ventilation rate will



increase non-linearly with the opening size and will decrease as the opening elevation to
the ground increases.
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