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Abstract: Natural ventilation is one of the vital means for passive energy-efficient design in green
buildings. As a widely used building facade, the perforated plate is mostly utilized for appearance
decoration, noise absorption, and sun shading, but its impact on the natural ventilation effect has
rarely been paid attention to. In this study, the influence of the perforation rate, the perforation size,
and the perforation shape on the flow coefficient of the perforated plate were simulated using the
commercial CFD software Fluent, and the correlation between the flow coefficient and these geo-
metric parameters was then regressed. The results show that the flow coefficient of perforated plate
increases with the increase in perforation rate, which is slightly greater than that of ordinary build-
ing openings, and the corresponding flow coefficients of different holes rank as circle > square >
triangle under the same conditions. The flow coefficient increases with the increase in the perfora-
tion size, and this effect is greater when the size is small. In addition, the flow coefficient is less
affected by the size of round holes compared to triangular and square holes. The regression model
indicates that both the perforation rate and the perforation size have a considerable positive influ-
ence on the flow coefficient, while the square and triangle holes have a negative influence on the
flow coefficient compared with the circular hole. Moreover, the geometric parameters of perforated
plates that have the greatest influence on flow coefficient are perforation rate, perforation shape,
and size, in descending order.

Keywords: natural ventilation; perforated plate; flow coefficient; CFD simulation; multiple linear
regression

1. Introduction

Natural ventilation, as an important economic technique, can improve indoor ther-
mal comfort and reduce indoor pollutant concentration [1]. Compared with the artificial
wind produced by fans and air conditioners, natural wind is easier to make people feel
the fluctuation of wind speed due to its turbulence features of 1/f conforming to the phys-
iological rhythm of the human body, leading to increased thermal comfort [2,3]. Addi-
tionally, in the context of building energy consumption continues to rise (the building
sector consumes 40% of the global primary energy) [4,5], the proper utilization of natural
ventilation in buildings can significantly reduce the energy consumption of air condition-
ing and mechanical ventilation, and has great energy saving potential [6,7], thus reducing
building heat dissipation and mitigating urban heat island [8,9]. Experimental tests car-
ried out on two school buildings in southern Spain demonstrated that using a natural
ventilation system resulted in a significant reduction in energy consumption over the ac-
ademic year compared to using a mechanical ventilation system. With the natural venti-
lation system, the main energy savings ranged from 18% to 33% while keeping comfort
levels in the classroom [10].
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Numerous studies have shown that the effect of natural ventilation largely depends
on design elements such as building layout and orientation [11,12], while the shape of the
building opening and installation position are also key factors affecting the efficiency of
natural ventilation [1]. The flow coefficient of the building opening is a significant factor
that affects the effect of natural ventilation and is crucial in determining the ventilation
rate and the distribution of the indoor thermal environment [13]. A few of the earlier stud-
ies hold that the flow coefficient of natural ventilation is constant. For example, ASHRAE
Handbook [14] regards the flow coefficient as a constant, which ranges from 0.60 to 0.65,
which is likewise thought to be a constant by Hunt et al. [15], and Li, Y. G. et al. [16].
However, the majority of studies note that the flow coefficient is not a constant, but varies
with the location of the building opening, the opening area, the wind direction, and other
factors. Hildebrando et al. [1] carried out a site measurement to evaluate the flow coeffi-
cient of open windows, and the results showed that a side-hung casement window with
a roller shutter may have a discharge value that ranges from 0.41 to 0.81. Using a modeled,
naturally ventilated dairy building by computational fluid dynamics (CFD) simulation, Yi
et al. [17] examined the effects of wind speed and wind direction on the flow coefficient
of the windward sidewall opening with different opening sizes. According to the findings,
outdoor wind speed had almost no effect on the flow coefficient, but wind direction ex-
hibited a significant impact. In addition, Ahsan et al. [13], Liao et al. [18], and Wang et al.
[19] have also come to similar conclusions.

Perforated plate is a prevailing architectural skin design, providing an aesthetic view,
noise absorption, and sun shading, which is favored by many architectural designers [20].
Chi, D. A. et al. [21] presented a methodology to predict a set of optimum perforated plate
design variables to increase daylighting performance in office buildings located in Seville,
Spain. In comparison to reference models without perforated plates, the actual daylit area
was raised by 29-57%, and the overlit area was decreased by 36-57%. Jesus M. et al. [22]
studied the thermal performance of the perforated plate taking into account several phys-
ical parameters, including perforation rate, color and material, and the impact of wind
penetration. The improvement in energy savings that various combinations of these pa-
rameters could have on the building as a whole was also quantified by this research. The
mechanical characterization of perforated fagades has also been analyzed [23].

However, less attention has been paid to the ventilation performance of perforated
plates. Due to the low perforation rate, its obstructing effect on airflow cannot be ignored.
Few systematic studies have been conducted on the ventilation performance of perforated
plates, which results in a dearth of pertinent information for appropriate selection. Miguel
[24] investigated how the geometry of the holes and the void percentage of plates affect
fluid flow in perforated plates, and the results suggested that circular-holed perforated
plates were probably less effective at transporting liquids than noncircular-holed plates,
which provided vital information for the efficient design of perforated plates. Tahsin et al.
[25] and Phillip et al. [26] also quantified the correlation between fluid flow and pressure
loss for perforated plates. Li [27] studied the additional resistance characteristics of the
ventilation system caused by perforated plates and analyzed the relationship between ad-
ditional resistance and distance within the range of perforation rate of 20-50% and dis-
tance of 100-1000 mm. Nevertheless, with the evolution of the perforated plate, its perfo-
ration rate, hole type, and aperture have changed as well, making it difficult to rapidly
and precisely determine the flow coefficient of perforated plate.

In addition, the complex structure of building openings will significantly increase the
number of grids and costs in the building ventilation simulation [28,29], such as sliding
windows, shutters, hung windows, etc. Similarly, the perforated plate will also greatly
increase the complexity of the geometric model. In order to consider its obstruction effect
on air flow, it is necessary to carry out mesh refinement for a large number of holes, which
makes the computation cost to be exceedingly expensive. However, if the flow coefficient
of a certain perforated plate can be determined, the perforated plate can be simplified to
an ordinary building opening, and its flow coefficient can be utilized as a boundary
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condition, thereby saving pre-processing time and computing resources. Therefore, a de-
tailed understanding in this respect is needed in-depth, which is crucial in the reasonable
selection of perforated plates and simplification of natural ventilation simulation.

Because outdoor weather conditions are unpredictable and it is challenging to ac-
quire the desired wind speed and wind direction, field measurements are not practical to
study the flow coefficient [30]. Although wind tunnel experiments can create controllable
wind conditions [31], they can be labor- and time-intensive if there are many different
experimental scenarios. By contrast, in the study of ventilation, CFD modeling is a quick
and parameter-controllable method. Information on the entire airflow and pressure fields
can be acquired using the validated CFD simulation [32]. As a result, this study used the
CFD methodology.

Therefore, this study aims to explicit the impact of the perforation rate, the perfora-
tion size, and the perforation shape on the flow coefficient, investigate the quantitative
correlation between the flow coefficient and the geometric parameters of the perforated
plate, and explore the application value of the regression model in practical engineering.

2. Methods
2.1. CFD Validation

The experimental data by Huang et al. [33] for a perforated orifice was used to vali-
date the numerical model. In the experiment of Huang et al. [33], the flow coefficients for
different structures (orifice thickness, porosity, hole distribution, and upstream disturb-
ance) were evaluated. In detail, perforated plate No.12 was selected, as illustrated in Fig-
ure 1. Upstream, downstream, and central (perforated plate) regions make up the geom-
etry. With smooth flow states, the upstream and downstream regions have mesh with
coarser grids. Finer meshes are used to capture high velocity and pressure distributions
in the center of the perforated plate, and meshes close to the wall are also refined to satisfy
requirements for standard wall functions.
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Figure 1. Comparison between experimental and numerical results of the discharge coefficient.

The continuity, momentum, and energy equations with the realizable k-¢ model clo-
sure are deployed to resolve the turbulent flow near the perforated plate. The k-¢ two-
equation turbulence model has been widely used in simulating the turbulent flow, and
the realizable k-¢ model has significantly outperformed the standard k-¢ model in charac-
terizing flows with strong streamline curvature, vortice, and rotation [32,34]. Figure 1
compares the simulated flow coefficient Ca with the experimental values, with water as
the working fluid. It can be found that the numerical results give lower values than the
experimental magnitudes, especially in the low Reynolds number region. However, the
overall average deviation (2.1%) is less than 5% for all simulated cases, suggesting that the
simulation method can accurately predict the flow coefficient of the perforating plate.
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2.2. Physical Models
2.2.1. Geometric Model and Boundary Conditions

Figure 2 shows the geometry and meshing of the computational model, which has a
domain (Figure 2a) composed of three parts: the upstream section, the perforated plate
section, and the downstream section. The length of the upstream section and the down-
stream section is 0.7 m, with a width of 0.2 m and a height of 0.4 m. Studies have shown
that the air velocity and pressure measurement positions have a significant impact on the
simulation results, and they should be located in the fully developed flow, which is a pre-
requisite for calculating the flow coefficient [35]. The reason is that after passing through
the perforated plate, the flow pattern will change dramatically, and its interference dis-
tance is not just restricted to the perforated plate part but also extends further down-
stream. The air velocity and pressure measurement positions were determined through
preliminary simulation, and the distributions of velocity and pressure near the measure-
ment positions were steady and uniform (Figure 3), satisfying the requirement for flow
coefficient calculation.

(b)

(d)

Figure 2. Illustration of (a) the geometric model, (b) mesh generation, (c) vertical section plane of
mesh, and (d) mesh near the perforated plate.
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Figure 3. The distributions of (a) pressure contour and (b) velocity vector.
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As for the setting of boundary conditions, both the inlet and outlet were specified as
pressure control surfaces by referring to previous studies [35,36], with the inlet and outlet
conditions of pressure-in and pressure-out, respectively, and the pressure difference be-
tween the inlet and outlet was 1 Pa. Solid wall boundary condition was utilized for the
four surfaces except for the inlet and outlet, and non-slip velocity boundary conditions
were applied at the solid surfaces. The fluid medium was set as air with a viscosity of
1.7894 x 10-° kg/(m-s) and a density of 1.225 kg/m?3, respectively.

2.2.2. Numerical Scenarios

Perforation rate, perforation shape, and perforation size are the basic geometric char-
acteristics of the perforated plate. The perforation rate refers to the proportion of the total
area of the perforated holes in the overall area of the perforated plate; as shown in Figure
4a, a perforation rate of 25% is obtained by dividing the total area of all circular holes by
the area of the plate. Too low of a perforation rate will negatively affect the aesthetic ap-
pearance and ventilation performance, whereas one that is too high will cause a sharp
increase in stress and deflection and a reduction in safety. Account to relevant research,
the reasonable range is generally 20-45% [26].

AN AAA|IDDODDOOO
OO0000OH  AARAA|[DDD DD
00000000 ﬁﬁﬁﬁﬁ S
00000000 AA%AA 000 000
< | loooocoooo| |AAAAA OO0 000
8 AA%AA 00 OO0
00000000 AAAAA Oodo gooo
00000000 ﬁﬁﬁﬁﬁ OO0 000
00000000 ﬁﬁﬁﬁﬁ ESE ggg
O000000| |AALAA | l[ooo oo
200 200 200
(a) (b) (©

Figure 4. Plane and dimension comparison of (a) circular, (b) triangle, and (c) rectangle perforated
plates, with the perforation rate of 25% (in mm).

Moreover, Li [37] found the perforated size used in engineering projects was concen-
trated in the range of 10-30 mm, with circular, triangular, and square holes making up the
majority of the perforation shapes, as shown in Figure 4. In this study, we only considered
the linear layout of the holes, while the staggered layout was not yet taken into account.
It should be noted that part of the holes was not strictly in a line pattern in order to main-
tain the same perforation rate for different shapes of perforated plates, such as in Figure
4c. Regarding perforation size, for a circular hole, the perforation size refers to its diame-
ter, while the perforation size is related to the side length for square and triangular holes.

Therefore, the simulation in this study totally considered 42 scenarios, including 18
scenarios for perforation size, 15 scenarios for perforation rate, and 9 scenarios for perfo-
ration shape (Table 1). In detail, for group A, six perforation rate scenarios—assuming a
circle-shaped hole —were utilized for each perforation size (10, 20, 30 mm), so there are 18
scenarios in group A. As for group B, five perforation rate scenarios were considered for
a circular perforated plate with a perforated size of 20 mm (triangle perforated plate with
a perforated size of 27 mm and square perforated plate with a perforated size of 18 mm);
hence, there are 15 scenarios in total. Likewise, for group C, three perforation sizes were
defined for circular, triangle, and rectangle holes, assuming a 20% perforation rate.
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Table 1. Simulated scenarios setting.

Group Perforation Size (mm) Perforation Rate (%) Perforation Shape

A 10, 20, 30 20, 25, 30, 35, 40, 45 Circle
20 Circle

B 27 20, 25, 30, 35, 40 Triangle
18 Square
Circle

C 10, 20, 30 20 Triangle
Square

2.2.3. Mesh Independence

Meshing is a crucial stage that affects the accuracy of CFD simulation; the accuracy
of the simulation-based results was significantly influenced by the mesh quality. Consid-
ering there are strong velocity and pressure gradients near the wall, Y plus grid-adapta-
tion method was first used to refine or coarsen grids in the boundary area. In addition,
velocity gradient grid adaptation was utilized to refine grids near the perforated plate,
because there are often considerable changes in flow velocity and pressure there.

The three mesh sizes that were successively refined by about 1.2 at each dimension
are used to investigate the grid sensitivity, and the number of tested cells was 85,883 (G1),
148,406 (G2), and 256,445 (G3), respectively. The performance time on 8 compute nodes
for mesh G1-G3 are: 5.2, 14.5, and 25.8 min, respectively. Figure 5 shows the pressure and
velocity distribution on the mid-line of the domain; although there is no difference in pres-
sure (Figure 5a), there is a difference in velocity. As illustrated in Figure 5b, the results of
the medium grids are similar to those of the fine grids, while the velocity curves of the
coarse and fine grids are distinct. Considering both accuracy and computational effi-
ciency, G2 exhibits good performance in these two aspects. Therefore, the mesh size G2
was adopted for the rest of the numerical scenarios.
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Figure 5. Comparison of pressure and velocity distribution for three mesh sizes, (a) pressure mag-
nitude and (b) velocity magnitude over the middle line (line location as shown in the figure).

2.3. CFD Governing Equations

The commercial CFD program ANSYS Fluent 2020R1, a finite-volume-based fluid
dynamics solver, was used to perform numerical simulations. Transport equations for in-
compressible flow have the following general form:

Continuity equation,

p -
—4V-(pV)=0

Momentum conservation equation,

)
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where fluid velocity V at any point in the flow field is described by the local velocity
components u, v, and w. I' is a general diffusion coefficient, and ¢ represents time.

The COUPLED algorithm was adopted to couple the pressure and velocity fields in
the Reynolds-averaged Navier-Stokes (RANS) equations. The realizable k—¢ model with
enhanced wall treatment was used to model turbulence and simulate the near-wall flow.
Convection and diffusion terms for flow variables were solved using a second-order dis-
cretization scheme. The convergence was to be obtained when residuals reached 1 x 10
for continuity, velocity, turbulent kinetic energy (k), and turbulent dissipation rate (&) [32].

2.4. Determination of the Flow Coefficient

Under natural ventilation, the airflow through a building compartment can be re-
garded as an incompressible flow. Equation (3), derived from the Bernoulli equation, re-
lates the pressure difference across the perforated plate (AP), with the pressure loss coef-
ficient (£), the flow density (p), and the average flow velocity through the perforated plate
(v). This equation is often presented in the form of Equation (4), in which Ca is the flow
coefficient of the perforated plate.

_ PV
AP =& > 3)
2AP
Q =C44 > 4)
1
= |= 5
Cq 3 @)

Combining Equations (3)—(5), the flow coefficient can be expressed as follows.

1
c.— |2° (6)
d AP

where ipv2 represents the dynamic pressure through the perforated plate. Therefore,

the pressure difference across the perforated plate and the dynamic pressure of the perfo-
rated plate in a fully developed flow can be extracted in the software so as to calculate its
flow coefficient.

3. Results
3.1. Impact of Perforation Rate on Flow Coefficient

Figure 6 depicts the effects of perforation rate on the airflow distributions at the ver-
tical middle plane across the domain for a circular-hole perforated plate with a perforation
size of 20 mm. As the perforation rate increases, the interference distance of the perforated
plate decreases gradually. Therefore, the determination of the measurement positions is
reasonable due to the fact that the measurement positions were established by the prelim-
inary simulation whit a 20% perforation rate. When it comes to the velocity distribution,
an increase in perforation rate results in a more uniform velocity distribution in the down-
stream region, as shown in Figure 6a—c; this means that, when used in practice, a perfo-
rated plate with a higher perforation rate can result in a more uniform indoor velocity
distribution, which is helpful for enhancing indoor comfort. Moreover, the wind speed
through the perforated plate will increase as the perforation rate increases (see Figure 6d—
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f), resulting in an increase in dynamic pressure; thereby, the flow coefficient goes up ac-
cording to Equation (6).

Pressure (Pa) —0.3-0.2—0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 Velocity (m/s) 0 0.10.20.30.40.50.60.70.80.9 1 Velocity (m/s) 0.80.9 1 1.1121.31.4

[=S
|
[
|
=
|
=S
|
5
|
>
|
(=3
|
(>
|
(=
|
[=5

Figure 6. Comparison of contours of pressure and velocity distribution corresponding to different
perforation rate of circular perforated plate, (a) ot = 20%, (b) o = 30%, and (c) ot = 40%, and compari-
son of velocity distribution near the perforated plate, (d) & =20%, (e) & = 30%, and (f) a = 40%.

The flow coefficient of the perforated plate can be determined from the known veloc-
ity and pressure difference based on Equation (6). Figure 7 shows the variation of the flow
coefficient corresponding to the circular perforated plate with a 20-45% perforation rate.
It can be seen that with the increasing perforation rate, the flow coefficient also increases,
which reveals that the flow coefficient is not a constant. The variation range for a perfo-
rated plate with 20 mm aperture, for instance, is 0.84-1.05, with a maximum variation rate
of about 25.0%. According to a theoretical analysis by Gong et al. [38], the flow coefficient
of large opening buildings under wind pressure is approximately 0.82-1.41, and the flow
coefficient of perforated plates is within this range. This suggests that the simulation re-
sults in this paper are accurate.
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Figure 7. The flow coefficient corresponding to different perforation rates of circular perforated
plates.
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However, compared with the flow coefficient ranges of the side-hung window and
bottom-hung window (0.65-0.77 and 0.78-1.00, respectively) [39], the flow coefficient of
the perforated plate is slightly greater than that of ordinary building openings. The reason
could be that there is less vortex between the perforated plate and the solid wall, which
results in less flow resistance, and that the holes in the perforated plate are close together,
causing air flow through them to interfere with one another and producing an “ejection
siphon” effect. As a result, the overall flow coefficient of multiple holes will be greater
than the ordinary openings with the same total area. This phenomenon has been con-
firmed in other studies as well. Ahsan et al. [13] found that the flow coefficient value was
close to unity for smaller sash opening angles and declined as the sash opening angle
increased.

3.2. Impact of Perforation Shape on Flow Coefficient

Figure 8 shows the pressure and velocity distribution of perforated plates with three
shapes under the premise that the perforation rate is 35% and the single-hole area is the
same. It can be observed that the perforated plates with different hole shapes and the same
perforation rate have little impact on the uniformity of the downstream velocity field, but
the interference distances of the pressure field are different. Moreover, the velocity near
the hole of the circular perforated plate is higher than rectangle and triangle plates, as
displayed in Figure 8d-f.

Pressure (Pa) —0.3—0.2-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 Velocity (m/s) 0 0.10.20.30.40.50.60.7080.9 1 Velocity (m/s) 0.8 1 1.2
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Figure 8. Comparison of contours of pressure and velocity distribution corresponding to different
perforation shapes, (a) circle, (b) square, and (c) triangle, and comparison of velocity distribution
near the perforated plate, (d) circle, (e) square, and (f) triangle.

As depicted in Figure 9, the flow coefficient of perforated plates increases together
with the perforation rate. The variation law of the flow coefficient corresponding to the
triangular and square holes is similar, but it differs significantly from that of the perfo-
rated plate with circular holes. In detail, the flow coefficients of perforated plates with
triangular, square, and circular holes vary from 0.76 to 0.88, 0.78 to 0.89, and 0.84 to 0.99,
respectively, with a perforation rate of 20% to 40%. Obviously, under the same conditions,
the corresponding flow coefficients of different holes rank as circle > square > triangle,
indicating that the circular hole can achieve higher flow coefficients and improve the ef-
fectiveness of natural ventilation. The reason is that when the cross-sectional area of a
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single hole is equal, the equivalent diameter of a circular hole is larger, which will reduce
the flow resistance, thereby increasing the flow coefficient. This result is consistent with
the findings of other researchers. In his detailed theoretical analysis of the flow coefficient
of inlet and outlet openings, Andersen [40] hypothesized that the value of Ca for sharp-

edged openings was in the range of 0.55-0.65, while the value for round openings was
0.9-0.95.
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Figure 9. The flow coefficient corresponding to different perforation rates of triangular, square, and
circular perforated plates.

3.3. Impact of Perforation Size on Flow Coefficient

Figure 10 displays the flow coefficients corresponding to different perforation sizes
of perforated plates with three shapes. On the premise of the same perforation rate and
hole shape, it can be seen that the flow coefficient increases with increasing perforation
size, which means the obstruction effect on the airflow weakens. Additionally, the impact
of the perforation size on the flow coefficient is greater when the perforation size is small.
For triangular perforated plates, the flow coefficient varies by 0.13 when the perforation
size goes from 10 to 20 mm, but only by 0.08 when it increases from 20 to 30 mm.

1.0 r r r
I Circle
083 L] Triangle 0.84 0.85 0.83
0.8} Square 0.80 0.79 i
= 0.71 0.71
G06 .
S
=
[0]
3
S 04 .
o
[T
02 .
0.0
10 20 30

Perforation size (mm)

Figure 10. The flow coefficient corresponding to different perforation sizes of triangular, square,
and circular perforated plates.

However, the perforation size has little effect on the flow coefficient of the perforated
plate when the perforation shape is circular. Regardless of whether a perforation is a tri-
angle- or square-shaped, the perforation size greatly affects the flow coefficient of the
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perforated plate, indicating that a larger flow coefficient can be obtained by using a larger
hole. The shading, lighting, and ventilation effects should be comprehensively considered
when selecting perforated plates, but their interactions have not been fully understood
[41]. Despite this, it is evident from the aforementioned conclusions that for the perforated
plate with circular holes, the perforation size has no bearing on its ventilation effect and
that the only relevant factor is the conflict between shade and sunlight

3.4. Correlation between Flow Coefficient and Geometric Parameters of Perforated Plate

In order to facilitate designers to quickly calculate the flow coefficient of a perforated
plate and to pre-evaluate its ventilation performance in the design stage, the multiple re-
gression method is adopted to establish the functional relationship between the flow co-
efficient of a perforated plate and its geometric parameters; however, unlike gender, na-
tionality, skin color, etc., the perforation shape of the perforated plate is an attribute vari-
able rather than a quantifiable numerical variable. In order to enhance the predictive effect
of the regression model, it should be defined as a dummy variable in the regression anal-
ysis and then included alongside other independent variables. A dummy variable, also
known as a nominal variable, is an artificial variable defined to reflect material attributes,
and its value is generally 0 or 1. For example, a dummy variable reflecting gender can be
1 (male) or 2 (female). The introduction of dummy variables can reflect the effects of dif-
ferent attribute types on dependent variables, which will make the regression model a
more complex but more accurate description of the problem [42]. Here, the perforation
shape is introduced into the regression model as a dummy variable. The definitions of
dummy variables L1 and L2 are shown in Table 2.

Table 2. Dummy variable definition of perforation shapes.

Perforation Shape L1 L.
Circle 0 0
Square 0 1
Triangle 1 0

Multiple linear regression is used to fit the flow coefficient and the perforated plate
geometric parameters, and the fitting formula is as follows:

C4 = 0.742a — 0.123L, — 0.098L, + 0.003D + 0.630 )

where Cd represents the flow coefficient of the perforated plate, a (%) represents the per-
foration rate of the perforated plate. When Li=0 and L>=0, the corresponding regression
model is suitable for predicting the flow coefficient of a circular perforated plate, d (mm)
denotes the perforation size.

Moreover, the adjusted R?is 0.847, indicating that the regression fitting effect is good.
The regression formula passes the F test (F = 40.206, p < 0.05), proving that the formula is
significant overall. Figure 11 shows a comparison between the Ca values determined by
CFD simulations (actual Ca) and those predicted by the regression model (predicted Ca).
The majority of the data points accumulated in a 45° line, and the model fit was satisfac-
tory, with the MAE and NRMSE of the predicted and actual Ca values being 0.023 and
3.4%, respectively.

The regression coefficient of the perforation rate is 0.742 (p = 0.000 < 0.01), and the
regression coefficient of the perforation size is 0.003 (p = 0.020 < 0.05), indicating that both
the perforation rate and perforation size have a considerable positive influence on the flow
coefficient. However, the regression coefficients of L1 and L2 are —0.123 and -0.098 (p =
0.000 < 0.01), respectively, suggesting that square and triangular holes have a negative
influence on the flow coefficient compared with circular holes, which is consistent with
the results in Section 3.2, namely, the circular hole can obtain a larger flow coefficient.
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Figure 11. Comparison of the flow coefficient predicted by the regression model (predicted Ca) and
calculated by CFD simulation (actual Cad).

Furthermore, the independent variable and dependent variable are normalized to
eliminate the influence caused by the difference in property and dimension between dif-
ferent variables. The calculated standard regression coefficients of a, L1, L2, and D are
0.592, -0.484, -0.386, and 0.187, respectively, revealing that the geometric parameters of
perforated plates that have the greatest influence on flow coefficient are perforation rate,
perforation shape, and size, in descending order.

4. Discussion
4.1. Application Analysis

As mentioned above, due to the lack of systematic research on the ventilation perfor-
mance of perforated plates, architects are unable to pre-evaluate the ventilation perfor-
mance during the design stage, which may result in poor natural ventilation during the
building operation period. Therefore, this section explains how to use the regression
model established in Section 3.4 to quickly select the type of perforated plate and calculate
its flow coefficient in a practical engineering project. In the selection of a perforated plate,
first of all, under the premise of consistent other conditions, using a circle hole can obtain
a higher flow coefficient. Secondly, since the perforation size of the circular perforated
plate has little influence on the flow coefficient, the designer can flexibly choose the per-
foration size in accordance with the requirements of the facade aesthetic. At the same time,
the flow coefficient can be greatly enhanced by increasing the perforation rate while main-
taining an aesthetic facade. To sum up, if a circular perforated plate with a perforation
rate of 40% and size of 20 mm was finally selected for the building facade, its flow coeffi-
cient could be obtained as 0.987 by replacing it into Equation (7).

In addition, the perforated plate greatly increases the complexity of the geometric
model and the computational cost in simulating the natural ventilation, but the flow coef-
ficient can be used to simplify the building model. The detailed steps are as follows: in the
first step, when modeling the geometry, the user only needs to establish the building walls
and simple openings in the software, which means that the perforated plate can be re-
moved. Then, as for boundary conditions, replace the boundary of pressure-inlet/outlet
with inlet/outlet-vent for the perforated plate, and the pressure loss coefficient (§) needs
to be defined at this boundary.

f=ﬁ (8)
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The flow coefficient of the perforated plate is 0.987, and the corresponding pressure
loss coefficient can be calculated by Equation (8) as 1.03 so as to simplify the CFD simula-
tion of natural ventilation of buildings with perforated plates.

4.2. Drawbacks and Future Works

Although this study investigated the influence of geometric parameters of the perfo-
rated plate on its flow coefficient by numerical simulation, there is still a lack of experi-
ments to effectively verify the simulation results, such as full-scale outdoor experiments
or wind tunnel experiments. Therefore, the scientific impact of this study is limited by this
drawback. Related studies have revealed that the wind direction also has a certain influ-
ence on the flow coefficient of the building openings [43]. However, due to the limitation
of time, this study has not carried out the work in this aspect. In addition, the present
study is limited to the ventilation performance of the perforated plate and the lack of com-
prehensive performance (thermal, ventilation, daylighting, and sun shading) evaluation
of the perforated plate.

In the future, we will carry out a wind tunnel experiment in our climatic wind tunnel
to measure the flow coefficient of the perforated plate, thus verifying our simulation re-
sults. On the basis of sufficient validation, the authors will investigate the quantitative
relationship between the geometric parameters of the perforated plate on its comprehen-
sive performance. As a result, a multi-objective optimization analysis should be required.
Furthermore, perforated plates are gradually favored by architects, but the parameter
module of perforated plates is not embedded in current energy simulation software at
present (such as EnergyPlus) [41,44], which makes it difficult to consider its impact on
building energy consumption directly. In the future, it can be implemented in the energy
simulation software after the quantitative relationship between the geometric parameters
on the comprehensive performance is established.

5. Conclusions

This study numerically examined the impact of the main geometric parameters (per-
foration rate, perforation size, and perforation shape) on the flow coefficient of the perfo-
rated plate, investigated the quantitative correlation between the flow coefficient and the
geometric parameters, and explored the application value of the regression model in prac-
tical engineering. Several conclusions can be addressed:

(1) The flow coefficient of a perforated plate is not a constant, which increases with the
increase in the perforation rate and is slightly greater than that of ordinary building
openings.

(2) Under the same conditions, the corresponding flow coefficients of different holes
rank as circle > square > triangle, and the circular hole can achieve higher flow coef-
ficients and improve the effectiveness of natural ventilation.

(3) Given the assumption of constant perforation shape, the flow coefficient increases
with the increase in the perforation size, and this effect is greater when the size is
small. The flow coefficient is less affected by the size of round holes compared to
triangular and square holes.

(4) The correlation between the flow coefficient and the geometric parameters of the per-
forated plate can be regressed by multiple linear functions, with the high precision
of the adjusted R2 being 0.847. Both the perforation rate and the perforation size have
a considerable positive influence on the flow coefficient, while the square and triangle
holes have a negative influence on the flow coefficient compared with the circular
hole. Moreover, the geometric parameters of perforated plates that have the greatest
influence on flow coefficient are perforation rate, perforation shape, and size, in de-
scending order.

(5) The regression model can be used to select the type of perforated plate quickly and
calculate its flow coefficient in a practical engineering project. By defining the
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pressure loss coefficient at the boundary, the model can also help simplify the geo-
metric model in the simulation of building ventilation.
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