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In this paper, we proposed a novel fluid flow model for pressure loss through plates with circular perforations
in both laminar and turbulent flows. The design of this model is based on the recent measurements conducted
at ONERA in the framework of the ongoing European Union H2020 INVENTOR project, as well as an existing
model for laminar flows. The new model is then validated against existing numerical simulations in the laminar
regime and experiments in the turbulent regime. Overall, the predictions given by the new model agree well
with the numerical simulations and experiments, and are superior to other models in the literature. This is
significant, considering that the present model is much simpler than these previous models. To demonstrate the
applicability of the new model in numerical simulations, two-dimensional channel flows are simulated using
Reynolds-averaged Navier-Stokes (RANS) equations with the new model as a pressure-drop source term added
to the momentum equations. Results show that the RANS predictions agree very well with the present model

predictions.

1. Introduction

A fluid flow through a perforated plate is a common problem in a
wide variety of practical applications in thermal, mechanical, chemical,
civil, nuclear, ocean and aerospace engineering. To enumerate a few,
perforated plates are used for the design of heat transfer devices [1-
11] and flow conditioning devices [12-18], the control of flames in
combustion chambers [19-24] and turbulence [25-28], the reduction of
aerodynamic noise [29-32], and so forth. The flow through a perforated
plate usually features flow separation near the leading edge of the pores,
contraction until the vena contracta is reached, and expansion after
the vena contracta. The major pressure losses are induced by the flow
expansion process during which considerable energy dissipation takes
place [33].

In heat transfer design, flow maldistribution is a major issue degrad-
ing the performance of heat transfer devices [17,34-36]. In practice,
perforated plates are commonly used to provide a more uniform flow
velocity for heat transfer devices. To ensure good flow uniformity, it
is required that the perforated plates provide sufficient pressure drops.
As such, it is needed to accurately predict the pressure drop across a
perforated plate. Another benefit of perforated plates is that they can
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enhance turbulence homogeneity, improving system performance too.
However, a disadvantage of perforated plates is that they cause drag in-
creases, leading to more energy consumption in the system. It is thus of
great significance to study the pressure losses across perforated plates,
and to develop empirical models to estimate a priori the pressure losses
for a better compromise between flow conditioning and drag increases.

Previous research on pressure losses through perforated plates can
primarily be categorized into experimental and numerical studies.
Yavuzkurt & Catchen [37] studied experimentally the dependence of
pressure loss on air speed with a set of wind-tunnel tests on seven
perforated plates of different thicknesses and porosities at different air
speeds up to 76 m/s. It was found that, for most of the plates, the pres-
sure loss increases linearly with the square of the air speed, indicating
the dominance of inertial pressure losses. For a specific type of plate,
small deviations from this linear behaviour can occur, due to a type of
wake characterized by large-scale flow oscillations downstream of the
plate. Recently, Méry & Sebbane [38] investigated experimentally the
pressure loss characteristics of plates with circular perforations of dif-
ferent pore diameters, spacings and plate thicknesses in the framework
of the ongoing European Union H2020 INVENTOR project. Fig. 1(a)
shows a sketch of a perforated plate with a thickness of 6. The pores
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Nomenclature

a the Forchheimer coefficient......................... m~!
Gy the viscous Stress tensor ..........c.ovveeueeennnneen. s
p Reynolds-averaged pressure of fluid flows............ Pa
Ap PreESSUIE AIOP. e vveett ettt e e eeenaenennnn, Pa
1) thickness of perforated plates....................... mm
u dynamic viscosity of fluid ....................... kg/m/s
P fluid density.......c.veeenreeeinieeineeeineeanns. kg/m>
0ij RANS Reynolds-Stress tensor............covveeiieeinnee.. 57!
I3 porosity of perforated plates

D pore diameter of perforated plates .................. mm

f correction factor for the Forchheimer coefficient

K permeability of the porous medium.................. m?
P pressure of fluid flows................coviiiiiiiiia... Pa
Re, pore-level Reynolds number

S; SOUICE tOITN « .o vvv i eieineiieneinnennens kg/m?/s?
T pore spacing of perforated plates.................... mm
t HMe ... S
U, airflow speed in wind-tunnel experiments........... m/s
u; the components of flow velocity..................... m/s
X; the Cartesian coordinate ................ccoovviiinnn... m

(a)

Fig. 1. Sketches of (a) a perforated plate; and (b) the B2A wind-tunnel test section.

have a diameter of D and are separated by a spacing of T. Different
pore diameters and spacing of perforated plates lead to different poros-
ity € which is defined as the ratio between the area of pores and the
total area of the perforated plate. It has been shown that the pres-
sure drop coefficient (i.e. pressure drop normalized by the dynamic
pressure) is independent of air speed but varies significantly with the
plate thickness (6/D). Through numerical simulations, Bayazit et al.
[39] investigated the pressure losses across perforated plates of differ-
ent thicknesses (6/D = 0.5 and 1.0) and porosities (¢ = 0.2, 0.35 and
0.5) at a wide variety of Reynolds numbers ranging from laminar to
turbulent regimes. It was shown that, for laminar flows, higher pres-
sure drops were associated with thicker plates and lower porosities.
For turbulent flows, however, the thinner plate caused higher pressure
drops as did lower porosities. These trend reversals result from the dif-
ferences in separated-flow reattachment patterns for the different plate
thicknesses in different flow regimes. Bae & Kim [40] numerically stud-
ied the pressure losses of laminar flows through thick perforated plates
(6/D > 1) at pore-level Reynolds numbers up to 25 and proposed a
model, in a mathematically simple form, to predict the pressure loss in
laminar regimes. This model was well validated against the experiment
but is only applicable to laminar flows. Similarly, based on experiments,
a number of models for the pressure loss were proposed by, for exam-
ple, Idelchik [41], Idelchik [42], Miller [33], Kast [43], Holt et al. [44],
ESDU [45] and Malavasi et al. [46], etc. These empirical models are
generally applicable to perforated plates of different hole arrangements
(i.e. staggered or in-line arrangements) [39,47]. However, these mod-
els are much more complicated including parameters to determine using
empirical formulae, and are only applicable to high-Reynolds-number
turbulent flows. The purpose of the present study is to design a novel
model, in a mathematically simple form, but with high predictive ac-
curacies, to characterize the pressure loss through perforated plates in
both laminar and turbulent regimes.

In this paper, we construct a correction factor for the Forchheimer
coefficient of the Bae & Kim model [40], formulating a new model valid
for both laminar and turbulent flow regimes. The correction factor is
constructed using the recent experimental data of Méry & Sebbane [38].
The new model is then validated against existing simulation and experi-
mental data in the literature, with comparisons with some other popular

models. Furthermore, to showcase an application of the new model in
numerical simulations, we perform two-dimensional channel-flow sim-
ulations using RANS with the new model as a pressure-drop source term
added to the momentum equations. The RANS-predicted pressure losses
are validated against the model-predicted pressure losses, demonstrat-
ing the good prediction capabilities of the new model.

The paper is organized as follows: §2 is devoted to a description of
the experimental data deployed for the development and validation of
the present model for plates with circular perforations. In §3, a discus-
sion of existing perforated-plate models is presented and then a novel
model is proposed. In §4, the proposed perforated-plate model is vali-
dated against existing numerical simulations in the laminar regime and
experiments in the turbulent regime. Then, §5 showcases the applica-
tion of the proposed model to numerical simulations. Finally, conclud-
ing remarks are summarized in §6.

2. The experimental data

In the present study, the experimental data of Méry & Sebbane [38]
and Yavuzkurt & Catchen [37] are used to develop and validate, respec-
tively, the novel model for the pressure loss through perforated plates.
The measurements were conducted at the Aero-thermo-Acoustics Bench
(B2A) of the Office National d’Etudes et de Recherches Aérospatiales
(ONERA) and at the Pennsylvania State University, respectively.

The B2A wind tunnel is designed so that the static flow tempera-
ture can be accurately regulated from the ambient temperature up to
300°C, with a mean flow bulk Mach number up to 0.5. A 0.2-m-long
test section is equipped with two silica windows for optical access. This
wind-tunnel cross section has a dimension of 50 mm X 50 mm. A sketch
of the wind-tunnel test section is shown in Fig. 1(b). More details on
the B2A wind tunnel can be found in Ref. [38,48]. It is important to
note that, in this experiment, the perforated plate fully covers the entire
cross-section. In other words, the perforated plate has the same dimen-
sion as the wind-tunnel cross-section, i.e. 50 mm in width and span.
The pressure drop was measured by static pressure taps on the top of
the test section upstream and downstream of the perforated plate. Ta-
ble 1 shows the position of the pressure tabs (PS1 is set as the reference)
[38]. The perforated plates are placed in the middle between PS3 and
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Table 1
Streamwise position of the pressure tabs.
Pressure tabs PS1 PS2 PS3 PS4 PS5 PS6 PS7
Streamwise position (mm) 0 15 30 45 60 75 215
Table 2

Parameters of the perforated plates used in the experi-
ment of Méry & Sebbane [38].

Plate D(mm) 7 (mm) §6(mm) ¢ 8/D

1 5.0 6.0 1.0 0.623 0.20

2 4.0 6.0 1.0 0.403 0.25

3 2.0 3.0 2.0 0.403 1.00

4 2.0 3.0 1.0 0.403 0.50
Table 3

Parameters of the perforated plates used in the experiment
of Yavuzkurt & Catchen [37].

Plate D (mm) T (mm) 6 (mm) I3 /D

1 1.60 3.18 1.02 0.227  0.638
2 1.91 2.54 0.81 0.510 0.424
3 2.38 6.88 0.91 0.109  0.382
4 2.78 4.76 0.81 0.309  0.291
5 3.18 4.76 0.91 0.403  0.286
6 4.76 9.53 0.97 0.227  0.204
7 3.18 4.76 3.18 0.403  1.000

PS4, namely, 37.5 mm downstream of the PS1 pressure tap. The static
pressures are monitored and acquired by a SVMtec differential pressure
scanner. A total of 200 samples are acquired with a sampling rate of
10 Hz. The absolute static pressure of the reference pressure tap PS1
is also measured by a 45 Psi Digiquartz absolute pressure sensor in or-
der to provide the absolute static pressure upstream of the perforated
plates. For the measurement of the absolute static pressure, a total of 80
samples are acquired with a sampling rate of 4 Hz [38]. In the experi-
ments, the airflow speeds at the wind-tunnel entrance are U, = 16.6, 25
and 35 m/s, respectively. The experiments are conducted at the ambi-
ent temperature (20 °C). These measurements were recently conducted
in the framework of the ongoing European Union H2020 INVENTOR
project.

The measurements of Yavuzkurt & Catchen [37] were conducted in a
pipe-flow apparatus instead of a channel-flow wind tunnel. The internal
diameter of the pipe is 90.17 mm. The airflow was provided by a 5 hp
blower operated in the suction mode and was controlled using a bypass
and an inline valve respectively. The pressure taps were placed 710 mm
upstream and downstream from the plate to reduce the effects of local
turbulence occurring near the perforated plate. The anemometer used
to measure the airflow speed was placed near the upstream opening
of the entrance pipe, which provided a relatively uniform distribution
of flow velocities across the inlet area of the pipe. The pressure losses
were measured over a range from 0 Pa to 3500 Pa. More details on the
experimental apparatus can be found in Ref. [37].

Table 2 shows the pore size D, pore spacing T, plate thickness &
and porosity ¢ of the four perforated plates deployed in the B2A wind-
tunnel experiments [38]. The porosity, defined as the ratio between
the area of pores and the total area of the perforated plate, can be
calculated using the pore size and the pore spacing. Similarly, Table 3
shows the parameters of the seven perforated plates in the experiments
of Yavuzkurt & Catchen [37]. The pressure losses measured in Méry
& Sebbane [38] and Yavuzkurt & Catchen [37] will be plotted in the
following Section 3 and Section 4.
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3. Empirical models for pressure loss through perforated plates

The pressure losses caused by flow-through perforated plates are
often characterized by the Darcy-Forchheimer equation, as follows

—VP:%UO+pa|U0|UO, o)

where K is the permeability of the porous medium, « is the Forch-
heimer coefficient or non-Darcy coefficient, p is the fluid density, U,
is the velocity of the incoming flow at the wind-tunnel inlet, and u is
the dynamic viscosity of the fluid. The Darcy term, i.e. the first term on
the right-hand side (RHS) of Eq. (1), corresponds to the viscous pres-
sure loss while the Forchheimer term, i.e. the second term on the RHS
of Eq. (1), represents the inertial pressure loss. For cases where the
pore-level Reynolds number is sufficiently low, the Darcy term strongly
dominates over the Forchheimer term [40,47,49,50].

The pressure gradient (—V P) on the left-hand side (LHS) of Eq. (1)
can also be expressed using the pressure drop (Ap) across the plate with
a thickness of &, as follows

Ap

—-VP= 5 )

Then, the Darcy-Forchheimer drag obtained from Eq. (1) can be written
as [51]

ApD? 2

8P _ D i caDRe, 3)
uwol, K P

where Re, = pUy,D/(ue) is the pore-level Reynolds number. From
Eq. (3), the normalized pressure drop through perforated plates can
be expressed as

Ap _ 46D
PU(? KeRe,

+ ao. “4)

The first term on the RHS of Eq. (4) is the contribution of the Darcy
term to the normalized pressure drop and depends on both the plate
characteristics (permeability, porosities, thickness, etc.) and the flow
characteristics (fluid viscosity, flow speed or Reynolds number). The
second term in the RHS of Eq. (4) is the Forchheimer contribution and
only depends on the plate characteristics (porosities, thickness, etc.).

It is also interesting to note that, for general porous medium, Vafai
& Tien [52] included an additional diffusion term (—u,V2U,, where y,
is the effective viscosity of porous medium) on the RHS of Eq. (1) and
thus proposed a much more complicated formulation for the pressure
loss through perforated plates, i.e. the so-called Brinkman-Forchheimer
equation [52]. This equation is considered a more general description
of the flow resistance in a porous medium because of the diffusion term
(or Brinkman term) accounting for the boundary effect. However, this
additional diffusion term is less significant for perforated plates [40]
and is neglected in this study, as in many other previous studies [40,47,
49].

3.1. The Bae & Kim model

Although Eq. (4) provides a mathematical description of the pressure
loss through perforated plates, the permeability K and Forchheimer
coefficient a are yet to be determined. On the basis of the numerical
simulations of laminar flows (Rep < 25), Bae & Kim [40] developed the
following model to estimate K and « of the perforated plate.

_ eD?% _3(1-¢)
T3s+150" YT 42
This model has been validated against the experiment of Doerffer &
Bohning [53]. The reader may refer to Ref. [40] for the detailed com-
parison between the model predictions and the measurements.

To further assess the accuracy of the Bae & Kim model [40] in pre-
dicting turbulent flows through perforated plates, we apply the model
to predict the recent experiment of Méry & Sebbane [38]. Fig. 2 shows

(5)
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®  Plate 1, Experiment —@— Plate 1, Bae & Kim (2016)
35F (a) ®  Plate 2, Experiment =& Plate 2, Bae & Kim (2016) |-|
®  Plate 3, Experiment —@— Plate 3, Bae & Kim (2016)
3F ® Plate 4, =@ Plate 4, Bae & Kim (2016) |-|
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(b)
2 [ - Ar/(0U3) 1
. o5
1t i
0 ll -
2 3 4

Plate Number

Pressure loss

6D /(KeRe,)

Pressure loss

2 3 4
Plate Number

Fig. 2. (a) Comparison between the pressure loss (Ap/(pUg)) predicted by the Bae & Kim model [40] and the experiment of Méry & Sebbane [38]; Comparison of
the predicted pressure loss with its Forchheimer (aé) and Darcy (5D/(K5Rep)) contributions at three different velocities: (b) 16.6 m/s; (c) 25 m/s; and (d) 35 m/s.
(For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

4 4 4
(a) [== Experiment (b) (¢)
—e—Bae & Kim (2016)

3 3 3

Sy S S2
by e~ =~
) ) )
< < <
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0 0 0

0 0.5 1 0 0.5 1 0 0.5 1
5/D 5/D §/D

Fig. 3. Comparison of the pressure loss predicted by the Bae & Kim model [40] with the experiment of Méry & Sebbane [38] at three different flow velocities: (a)

16.6 m/s; (b) 25 m/s; and (c) 35 m/s.

a comparison of pressure drop between the prediction of the Bae & Kim
model [40] and the experiment of Méry & Sebbane [38]. Although the
predicted pressure drops of plates 1 and 4 are somewhat close to the
experiment, those of plates 2 and 3 are not. It is also clear that the
Darcy contribution, i.e. 6D/(KeRe,), is negligibly small and thus the
Forchheimer contribution («§) dominates in the present turbulent flow
regime. However, it is interesting to note that, at low Reynolds num-
bers (Rep < 25), conversely, the Darcy contribution dominates over the
Forchheimer contribution, as shown in Ref. [40]. In Fig. 2, the pre-
dicted pressure drops of plates 2, 3 and 4 (whose porosities are the
same) are essentially similar due to the fact that the dominant Forch-
heimer contribution depends only on the plate porosity and not on the
plate thickness ratio 6/D. Moreover, it is also found that both the ex-
periment and the Bae & Kim model [40] show that the pressure drops
are almost independent of the pore-level Reynolds number Re,, again
suggesting that the viscous Darcy contribution is negligibly small and
the inertial Forchheimer contribution is dominant in the present flow
regime. Overall, although the Bae & Kim model has been previously
shown to perform very well in the prediction of laminar flows through
perforated plates [40], its performance in turbulent flow predictions is
not satisfying. Thus, an extension of the Bae & Kim model [40] to tur-
bulent regimes is needed.

Fig. 3 shows a comparison of pressure drop between the prediction
of the Bae & Kim model [40] and the experiment of Méry & Seb-
bane [38] at three different flow velocities. The predictions of plate
1 (6/D = 0.2) agree well with the experiments. For plates 2, 3 and 4
whose porosities are the same (¢ = 0.403), the measured pressure drops

vary with the plate thickness /D whereas the predicted ones do not.
This is again because the dominant Forchheimer contribution of the Bae
& Kim model [40] does not depend on the plate thickness ratio §/D.
Therefore, to extend the Bae & Kim model [40] to turbulent regimes, it
is reasonable to propose a correction factor that takes into account the
effect of plate thickness ratio.

3.2. An extension of the Bae & Kim model to turbulent regimes

Considering the differences between the experimental data and the
prediction of the Bae & Kim model [40], a correction factor f, as a
function of the plate porosity € and thickness ratio 6/D, is proposed
to correct the Forchheimer coefficient @ so that the Bae & Kim model
[40] becomes applicable for turbulent regimes while at the same time
it remains effective in laminar regimes.

To propose a correction factor for the Forchheimer coefficient, quan-
titative analyses of the gaps between the predicted and measured pres-
sure drops in Fig. 3 are needed. For plates 2, 3 and 4 whose porosities
are the same (¢ = 0.403), the measured pressure drops vary with the
plate thickness 6/D like a parabola whereas the predicted ones are
constant. Thus, to correct the predicted pressure drops of plates 2, 3
and 4, a parabolic-type multiplication factor is needed. Through fitting
the experimental pressure drops of plates 2, 3 and 4 (whose porosi-
ties are constant, i.e. £ = 0.403), we propose a parabolic-type factor
as [6 (6/D)—-5(5/ D)z] /2. However, this additionally introduced factor
will change the predicted pressure drop of plate 1 which was originally
close to the experimental data. To remedy this, we need to propose
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another multiplication factor that pulls the predicted pressure drop of
plate 1 (e = 0.623) back to the experimental data, and meanwhile does
not change the already corrected pressure drops of plates 2, 3 and 4
(¢ =0.403). The factor 0.6/ (1 — €) is equal to 1 at e = 0.403 and is equal
to 1.6 at € = 0.623, serving this purpose. By multiplying the aforemen-
tioned two factors, we finally construct a correction factor f for the
Forchheimer coefficient, as follows

5 0.3 5 5\?
f(5’5>—1_5[6(5)‘5(5>]~ ©)
With the factor (Eq. (6)) to correct the Forchheimer coefficient, in

the new model, the permeability and the Forchheimer coefficient be-
come

eD?s 9 s 5\?

K= +150° “~ 2002 [6<B>_5(B> ] 7

Since the new model is obtained by proposing a correction factor
(Eq. (6)) to the Forchheimer coefficient of the Bae & Kim model [40],
it inherits some physical properties of the Bae & Kim model [40]. For
example, the Forchheimer contribution dominates over the Darcy con-
tribution in turbulent flow regimes whereas, at low Reynolds numbers,
the Darcy contribution dominates over the Forchheimer contribution.
Nevertheless, the present model also differs from the Bae & Kim model
[40] in that its Forchheimer contribution varies with plate thickness
(6/D). This is likely due to different flow patterns within the length
of the pores. The flow through a perforated plate usually features flow
separation near the leading edge of the pores. On the one hand, the sep-
arated flow inside the pores reattaches within the length of the pores if
the plate is thick enough, resulting in a closed recirculation zone. On the
other hand, the separated flow inside the pores does not reattach within
the length of the pores if the plate is too thin, resulting in an unclosed
recirculation region and a much more chaotic wake downstream of the
plate [39]. The different flow patterns within the length of the pores
and in the downstream of the plates play an important role in affecting
the pressure loss. The validation of this proposed model is presented in
Section 4.1 for laminar flows and in Section 4.2 for turbulent flows.

4. Results

In this section, we validate the proposed model (Eq. (7)) against
existing numerical simulations in laminar regimes and experiments in
turbulent regimes. We also compare our new model with other previous
models [33,42-44] (see Appendix).

4.1. Laminar flow

Shahzad et al. [49] performed numerical simulations to study the
pressure losses of laminar flows through perforated plates. Here, the
numerical simulations of three perforated plates are deployed to val-
idate the proposed model. They have the same plate thickness ratio
6/D = 0.25 and different porosities € = 0.2, 0.4 and 0.5. Fig. 4 shows a
comparison of the pressure drops predicted by both the present model
(Eq. (7)) and the Bae & Kim model [40] with the numerical simulations.
Since the correction factor f(e,6/D) is less than 1 for these perforated
plates, the present model gives smaller predictions of pressure drops
than the Bae & Kim model [40] does. This is more obvious for the plate
with € = 0.2 since the correction factor decreases with a decrease of
plate porosity. It is also interesting to note that, the agreement between
the present model and the Bae & Kim model [40] is better at £ = 0.4
and 0.5 than at € = 0.2, probably because the porosities of the perfo-
rated plates used to design the correction factor (Eq. (6)) are between
0.4 and 0.63 and the perforated plate here with € = 0.2 is relatively
far away from this porosity range. In other words, the present model
probably has better prediction capabilities for plates with a moderate
porosity that is not far away from the range between 0.4 and 0.63.
Overall, compared with the numerical simulations of Shahzad et al.
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Fig. 4. Comparison of the pressure drops predicted by the present model
(Eq. (7)) and the Bae & Kim model [40] with the numerical simulations of
Shahzad et al. [49].
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[idelchik (1994)
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|| I Holt et al. (2011)
I Bae & Kim (2016)
2 || Il Kast (2010) a
s
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0
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Fig. 5. Comparison of the Forchheimer part of the pressure drop predicted
by the present model with the measured pressure drops of Méry & Sebbane
[38] and the predictions by other previous models [33,42-44]. Note that the
pressure-drop values of the experiment are the average of the three values as-
sociated with the three different flow speeds for each plate.

[49], both models give reasonable predictions of the pressure drops,
demonstrating the capability of both models in predicting laminar flows
through perforated plates. In fact, since at low Reynolds numbers the
Darcy contribution of pressure drop dominates over the Forchheimer
contribution, the present model inherits the prediction capability from
the Bae & Kim model [40].

4.2. Turbulent flow

Since the correction factor (Eq. (6)) was proposed on account of the
differences between the experimental data of Méry & Sebbane [38] and
the prediction of the Bae & Kim model [40], we first validate the pro-
posed model against the experimental data set of Méry & Sebbane [38]
in turbulent regimes. Fig. 5 shows a comparison of the Forchheimer
part of the predicted pressure drop with the experiment of Méry & Seb-
bane [38] and the predictions by other previous models [33,42-44].
The Forchheimer part basically represents the total pressure drop, since
in turbulent regimes the Forchheimer contribution strongly dominates
over the Darcy contribution, as shown in Fig. 2. According to Fig. 5,
with the correction factor in Eq. (6), it is evident that the present model
gives an excellent agreement with the experiment and performs better
than other previous models do. This observation is further underscored
by the comparison of the prediction errors of different pressure-drop
models with respect to the experiment of Méry & Sebbane [38], as
shown in Fig. 6. However, it should be noted that the present compar-
isons with the experiment of Méry & Sebbane [38] are not completely
convincing to validate the new model since the proposed correction fac-
tor was based on the same set of experimental data. It is thus more con-
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Fig. 6. Comparison of the prediction errors of different pressure-drop models
with respect to the experiment of Méry & Sebbane [38]. The legend is the same
as that of Fig. 5.
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Fig. 7. Comparison of the Forchheimer part of the pressure drop predicted by
the present model with the measured pressure drops of Yuvuzkurt & Catchen
[37] and the predictions by other previous models [33,42-44]. In this figure,
for plate 3, the results have been multiplied by 0.1 in order to have a better
scale of the plot. Note also that the pressure-drop values of the experiment are
the average of all values associated with different pore-level Reynolds numbers
for each plate.

vincing to demonstrate the prediction capability of the present model
by validating the present model against another independent set of ex-
perimental data.

Fig. 7 shows a comparison of the Forchheimer part of the pres-
sure drop predicted by the present model with the experiment of Yu-
vuzkurt & Catchen [37] and the predictions by other previous mod-
els [33,42-44]. On the one hand, compared with the experiment, the
present model gives reasonable predictions with relatively small dis-
crepancies for plates 1, 3, 4, 5 and 7. Nevertheless, an obvious discrep-
ancy is observed for plate 6, due to the fact that (i) the thickness ratio of
plate 6 is at the endpoint of the thickness ratio range between 0.2 and
1.0 and (ii) the porosity of plate 6 is relatively far away from the poros-
ity range between 0.4 and 0.63 (see Table 3). It is also observed that
plates 1, 3 and 4 with porosities lower than the aforementioned poros-
ity range give relatively good predictions. This suggests that, as long as
the plate thickness ratio is relatively far larger than the lower endpoint
of the aforementioned thickness ratio range, the plate porosity does not
necessarily need to fall exactly into the porosity range between 0.4 and
0.63 in order for the present model to produce good predictions. In
other words, the plate thickness ratio plays a relatively more important
role than the porosity does in the present model. On the other hand,
compared with other previous models [33,42-44], Figs. 7 and 8 sug-
gest that the present model overall produces better agreement with the
experiment of Yuvuzkurt & Catchen [37] than other models do. This
is significant, considering that the present model is in a much simpler
form than the models of Idelchik [42], Miller [33], Holt et al. [44] and
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Fig. 8. Comparison of the prediction errors of different pressure-drop models
with respect to the experiment of Yuvuzkurt & Catchen [37]. The legend is the
same as that of Fig. 7.

Kast [43] (see Appendix). Interestingly, it is also observed in Fig. 7 that
the measured pressure drop of plate 2 is rather small, likely due to the
large openness of the plate. Consequently, although the absolute dis-
crepancies between the experiment and the various models look small,
the relative errors shown in Fig. 8 are not small. Besides, it is noted
that the error of a specific model can approximate 200% in Fig. 8. This
highlights the formidable challenge of precisely modeling pressure loss
in the complex problem of flow-through perforated plates.

5. Application of the present model in numerical simulations

5.1. Numerical modelling of perforated plates in two-dimensional channel
flows

For perforated plates consisting of very fine pores, the direct mesh-
ing of the perforated plates is very challenging since it would result in a
large number of computational cells. In such cases, a numerical model
to represent the effects of flow-through perforated plates is favoured.
Similar to the modelling of other porous medium [50,54-56], the effect
of perforated plates in flows can be modelled by adding a pressure-drop
source term to the momentum equations. Within the perforated-plate
region, a volume source term S is added to the right-hand side (RHS) of
the momentum equations, yielding the RANS momentum equations as
[57]
pay) i) 0p 9%y  9%iRaANS s, ®

ot ox; ox;

1
] i 0x; 0x;

where #; is the components of velocity (for two-dimensional flows, i =1,
2), p is the pressure, 6;; is the viscous stress tensor and o;; g4y is the
Reynolds-stress tensor. Outside the perforated-plate region, the govern-
ing equations are the original Navier-Stokes equations (i.e. without the
additional source term S; in Eq. (8)). In the whole flow domain (in-
cluding the perforated-plate region), the continuity equation is also the
original one due to the fact that the law of mass conservation is still
satisfied in the porous region, as follows
dp 4 d(pi;) -0

ot ox;

If the two-dimensional air flow approaches the perforated plate at zero
incident angle, the source term is expressed as

S| _ | —uia/K — palili
- [se

9

where i is the streamwise velocity. The parameters K and « are given
by the present model in Eq. (7). Since the incoming flow direction is per-
pendicular to the perforated plate, the second component of the source
term .S, is zero.
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Fig. 9. The two-dimensional coarse mesh with a cell size of A = 0.5 mm for the
numerical simulations. The dashed line indicates the location where the source
term is applied in the momentum equations.

5.2. Computational meshes and simulation set-up

The computational domain is a rectangle of 200 x 50 mm?2. Three
different computational meshes consisting of square cells of differ-
ent sizes are deployed in the simulations. The coarse mesh has a cell
size of A = 0.5 mm, while the medium and fine meshes have a cell
size of A =0.25 and 0.125 mm, respectively. The cell numbers of the
coarse, medium and fine meshes are 40k, 160k and 640Kk, respectively.
Fig. 9 shows the coarse computational mesh. The perforated plate is not
meshed, whereas its effect is modelled by adding a momentum source
(see Eq. (10)) at the location of the dashed line (x = 0). More specifi-
cally, for plates 1, 2 and 4 with a thickness of 1 mm, the momentum
source is applied to the cells within —0.5 mm < x < 0.5 mm. For plate 3
with a thickness of 2 mm, the momentum source is applied to the cells
within —1 mm < x < 1 mm.

We perform steady RANS simulations with the SST k-w model using
the commercial Siemens STAR-CCM+ version 2021.1 [58]. The inlet
velocity is Uy, = 16.6 m/s, leading to a Reynolds number of Re =27370
based on the inlet velocity and the channel half height. At the inlet
boundary, the turbulence intensity is 6.2% and the turbulent viscosity
ratio is 10.0, which gives the dissipation rate w.

5.3. Pressure drop predicted by RANS simulations with the present model
as a momentum source

Fig. 10 shows the pressure drops predicted by RANS simulations.
The convergence of the solutions using the medium and fine meshes is
well demonstrated. However, the coarse mesh (A = 0.5 mm) seems to
be too coarse for accurately predicting the pressure drops of plates 1,
2 and 4. Meanwhile, it is also observed that the coarse mesh (A =0.5
mm) gives a fairly good prediction for plate 3. To understand the rea-
son, for plates 1, 2 and 4, we perform additional simulations using the
same coarse mesh but with the source term applied to the cells within
—1 mm < x < 1 mm instead of —0.5 mm < x < 0.5 mm, reducing the
pressure drop in each cell by 50% in order to keep the overall resis-
tance the same. As such, all four plates are represented by 4 cells in the
streamwise direction because the cell size is A = 0.5 mm. Fig. 11 shows
the simulation results. It is clear that the solutions using 4 cells in the
streamwise direction to represent the perforated plates converge to the
solutions of the medium mesh (A = 0.25 mm). This suggests that, when
modelling perforated plates (and probably also other porous plates),
the modelling thickness of the plate, whether the same as the physical
thickness of the plate or not, is less important. Rather, the number of
cells used to represent the plate is more important [50]. It is suggested
to have at least 4 cells in the streamwise direction to represent the flow
through perforated plates.

The RANS-predicted pressure drops are also listed in Table 4 for a
comparison with the measured pressure drops and the model-predicted
pressure drops. The results pertaining to the simulations on the medium
mesh using 8 cells in the streamwise direction to represent the perfo-
rated plates are also listed in the table. Overall, the RANS predictions
agree very well with the present model predictions. Note that we also
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Fig. 10. The RANS-predicted pressure drops using the coarse, medium and fine
meshes. (a) Plate 1; (b) Plate 2; (c) Plate 3; and (d) Plate 4. The vertical black
dashed line indicates the location (x = 0) where the source term is applied in
the momentum equations. From (a) to (d), the percentage differences of the pre-
dicted pressure drop between the medium and fine meshes are 0.66%, 1.76%,
0.42% and 2.17%, respectively.
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Fig. 11. The RANS-predicted pressure drops using the coarse and medium
meshes. For the coarse mesh, simulations are also performed using 4 cells in
the streamwise direction to represent the perforated plate. (a) Plate 1; (b) Plate
2; (c) Plate 3; and (d) Plate 4. The vertical black dashed line indicates the loca-
tion (x = 0) where the source term is applied in the momentum equations.

Table 4

Comparison between the measured pressure drops
(Ap/(pU(f)) of Méry & Sebbane [38] and the pressure
drops predicted by the present perforated-plate model
and by numerical simulations using the medium mesh.

Plate 1 2 3 4
Experiment 0.605 1.635 1.440 2.515
Present model 0.574 1.658 1.438 2.459

RANS Prediction 0.568 1.618 1.430 2.384
RANS Prediction® 0.572 1.647 1.430 2.436

a There are 8 cells in the streamwise direction for all 4
plates.
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perform inviscid flow simulations. The results are the same as the RANS
simulations. For brevity, the results associated with the inviscid flow
simulations are not shown here.

6. Concluding remarks

A fluid flow through a perforated plate is a common problem in a
wide variety of practical applications in thermal, mechanical, chemical,
civil, nuclear, ocean and aerospace engineering [59]. In this paper, we
proposed a novel fluid flow model for pressure loss through perforated
plates in both laminar and turbulent flows. The design of this model is
based on the recent experimental data of Méry & Sebbane [38], as well
as the existing model of Bae & Kim [40] for laminar flows. The data used
for the model design is a new experimental data set because the data
has not been used to study the pressure-loss formulation of perforated
plates, although the experiment itself has recently been published in
Méry & Sebbane [38].

The pressure losses caused by flow-through perforated plates are of-
ten characterized by the Darcy-Forchheimer equation. The Darcy term
corresponds to the viscous pressure loss while the Forchheimer term
represents the inertial pressure loss. It has been shown by Bae & Kim
[40] that, at low Reynolds numbers (Rep < 25), the Darcy contribution
to the normalized pressure drop dominates over the Forchheimer contri-
bution. In turbulent regimes, however, it is found that the Forchheimer
contribution strongly dominates. Moreover, the existing model of Bae
& Kim [40] was only applicable to laminar flows. For these reasons, we
proposed a correction to the Forchheimer coefficient of the Bae & Kim
model [40] to enable the modelling of perforated plates in both laminar
and turbulent flows. The new model is then validated against existing
numerical simulations in the laminar regime and experiments in the tur-
bulent regime. Overall, the predictions given by the new model agree
well with the numerical simulations and experiments, and are supe-
rior to other models in the literature [33,42-44]. The proposed model
is novel in that it has better accuracy in pressure-loss prediction than
other existing models, compared to two independent sets of experimen-
tal measurements. Besides, the model has a very wide applicable range
of Reynolds numbers, ranging from very-low-Reynolds-number laminar
to very-high-Reynolds-number turbulent flows. Moreover, it is much
simpler than the models of Idelchik [42], Miller [33], Holt et al. [44]
and Kast [43] (see Appendix).

To demonstrate the new model’s applicability in numerical simula-
tions, two-dimensional channel flows are simulated using RANS with
the new model as a pressure-drop source term added to the momen-
tum equations. Overall, the RANS predictions agree very well with the
present model predictions. In the numerical simulations, it is suggested
to have at least 4 cells in the streamwise direction to represent the flow-
through perforated plates.

Although the present model is applicable for a wide range of
Reynolds numbers ranging from laminar to turbulent regimes, the limi-
tation of the model is that the new model is only applicable for a certain
range of plate porosities (¢) and plate thickness ratios (6/D). This is
limited by the experimental data used for the design of the present
model. On the one hand, the model is applicable to a plate thickness ra-
tio of 0.2 < §/D < 1 because the correction factor f would go negative
as 6/D > 1.2. On the other hand, the present model probably has good
prediction capabilities for plates with a moderate porosity that is not far
away from the range between 0.4 and 0.63. The authors suggest an ap-
plicable porosity range between 0.3 and 0.7. Fortunately, these ranges
of plate porosities and thicknesses have enabled the use of perforated
plates in numerous engineering problems, e.g. heat transfer in heat ex-
changers, flame control in combustion chambers, aerodynamic noise
abatement, etc. Pressure loss occurs due to energy dissipation as the
flow expands from the vena contracta, where local velocity reaches its
maximum. Thus, the location of the vena contracta significantly influ-
ences pressure loss. However, this pivotal location is subject to variation
influenced by plate porosity and thickness ratio. The present model
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may encounter limitations at porosities and thickness ratios beyond the
aforementioned ranges, possibly stemming from inaccurate predictions
of the location of the vena contracta under these conditions. In addi-
tion, limited by the absence of experimental data on perforated plates
featuring various perforation shapes like triangles, rectangles, polygons,
etc., it remains uncertain whether the current model’s applicability ex-
tends to perforated plates with alternative geometries, although some
studies indicate that pressure loss might be independent of perforation
geometry [47].
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Appendix A. Empirical formulae for the pressure loss through
perforated plates

Besides the aforementioned model of Bae & Kim [40] which was de-
signed using numerical simulations of laminar flows, here we append
some other popular models (formulae) for estimating the Forchheimer
coefficient a. These formulae were proposed in experimental studies
at high Reynolds numbers where the Forchheimer term strongly domi-
nates over the Darcy term. Thus, the Forchheimer coefficient @ can be
used to calculate the Forchheimer contribution which is approximately
equal to the pressure loss.

For perforated plates of finite thickness at high Reynolds numbers,
Idelchik [42] proposed a formula of the form

a:L(0.5+0.24\/1—e(1—e)+(1—e)2). an
2625
Similarly, Kast [43] suggested the following formula

1

_ 1 1 s 2
a= ((C 12+ g)), (12)
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where C is a coefficient depending upon the plate porosity and can be
expressed as

C=0.6+04¢e%. (13)
Miller [33] proposed the following formula
(1-C.e)?
a=Cot 14
0 2C2e25 a9

where C; is a coefficient that depends on 6/D, and C, is the jet
contraction coefficient that depends on €. According to Fratino [60],
C, can be calculated by the following empirical expression, valid for
0.1<6/D<3,
Cy=05+ 60'1778, (15)
4(%)2+0.355

D

while C, is given by

N
0.206

Holt et al. [44] proposed a piecewise function for the Forchheimer
coefficient, as follows

C, =0.596 4 0.0031 exp( ). (16)

2
1 3 .02 3 0.4 5 .02
. §<2.9—3.79Be +1.79(5) € )KLA pet<os
1 5 02
5(0.876+0.069Be )KLA

3 .02
o >0.9,

where the jet contraction coefficient C, is set to be 0.72 [46]. K} , is
the pressure loss coefficient of a single-hole orifice as estimated by a
theoretical model for reattached flows, as follows

2 2 1 1
(1= — ). 18
e g2 C. 2c? as
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