2 ™ processes MBPY

Article

Numerical Prediction of Homogeneity of Gas Flow through
Perforated Plates

Kamil Smierciew 1*

check for

updates
Citation: Smierciew, K;
Butrymowicz, D.; Karwacki, J.;
Gagan, J. Numerical Prediction of
Homogeneity of Gas Flow through
Perforated Plates. Processes 2021, 9,
1770. https://doi.org/10.3390/
pr9101770

Academic Editor: Paola Ammendola

Received: 30 August 2021
Accepted: 27 September 2021
Published: 2 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Dariusz Butrymowicz !, Jarostaw Karwacki ? and Jerzy Gagan !

Department of Heat Technology, Bialystok University of Technology, Wiejska 45C, 15-351 Bialystok, Poland;
d.butrymowicz@pb.edu.pl (D.B.); j.gagan@pb.edu.pl (J.G.)

Deparment of Heat Transfer, The Szewalski Institute of Fluid-Flow Machinery Polish Academy of Sciences,
80-231 Gdansk, Poland; j.karwacki@imp.gda.pl

*  Correspondence: k.smierciew@pb.edu.pl; Tel.: +48-571-443-096

Abstract: Vanes and baffles are often used as flow distributors where uniform flow is required
in the apparatus of large cross-section surface areas. As an alternative, perforated plates with a
range of open area ratios are applied to produce required gas flow homogeneity. Usually, the plates
with various open area ratios are combined into large panels, of which total surface area can reach
hundreds of square meters for large-sized industrial apparatus. Numerical modelling of the flow
through such panels can be thought of as overly complex, time-consuming, and inefficient due to
numerous small open area ratios in the plates and large differences in dimensions between open
area ratios and free-stream areas. For this reason, numerical models of gas flow are limited to single
plates only with constant open area ratios. A new indirect modelling approach of gas flow through
the perforated plates panel with structural elements and various open area ratios with application of
the porous media model is proposed. A perforated plate was experimentally investigated in terms
of pressure drop and velocity distribution. The data obtained were used for the validation of the
numerical results, which differed from the experimental results by less than 5%. In the next step,
numerical analyses were performed for plates with open area ratios in the range of 30 to 70% for gas
velocities of 5 and 10 m/s. A general correlation for pressure drop as a function of open area ratio
was proposed. Finally, systematic numerical studies of the flow through both perforated and porous
plates including structural elements were performed. The internal resistance of the porous core was
calculated by means of a developed correlation. A good agreement between results with an error
lower than 15% was observed.

Keywords: flow homogeneity; porous model; perforated plate; CFD; velocity distribution

1. Introduction

Many industrial and chemical processes require uniform velocity distribution. In-
dependently of an analysed process, flow uniformity may be thought of as a condition
required for the effective operation of various types of large industrial apparatus. For
heat exchangers, cleaning processes, air-conditioning systems, textile or drying industries,
aeronautics, hydraulics, pharmaceutics, fuel cells, fuel processing chemical reactors, etc., it
is of great importance to provide as high a homogeneous flow as possible [1-3]. Special
attention is usually paid to this problem for the gas flow through the apparatus of a large
cross-section surface area. A uniform flow distribution often has further advantages in
improving the mass transfer, controlling the temperature, decreasing the pressure loss,
decreasing the energy consumption, reducing the mass and dimensions of the system,
reducing toxic components and reducing noise. In the case of low volumetric air flows,
the homogenization process is not a major problem. However, it is a great challenge for
devices with very large volumetric gas flows and resulting large cross-section surface
areas. In general, uniform flow distribution creates a major problem for large-scale systems,
e.g., scrubbers, filters, and cleaning systems in power stations. For example, pollutant
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removal is one of the key engineering processes, the purpose of which is to eliminate toxic
components and to isolate valuable components that may remain in production processes.
Particulates are basically dust particles that appear as smoke during the burning of some
fossil fuels (or wood). They are relatively unimportant for the combustion of oil, gasoline,
and natural gas, but they are much more significant during the combustion of coal.

The above requirements are of special importance for exhaust gas cleaning systems
using mechanical filters (baghouses) or electrostatic precipitators (ESP). In the past few
years, researchers have shown considerable interest in the latter, especially in terms of
using CFD. Therefore, in this paper, the literature survey will mostly cover papers dealing
with electrostatic precipitators as a perfect example of large-scale systems, and the utility of
the proposed method will also be explained using ESP. However, the proposed numerical
modelling approach may be applied for any other system or process which required
flow uniformity.

Regardless of the used technology, the high efficiency of gas cleaning may be thought
of as a necessary condition for the further operation of fossil fuel power plants. For larger
particles, the efficiency of gas cleaning can be as high as 99.9% [4]. The dedusting efficiency
decreases with the reduction in the particulate matter size. In a small particle size range
in the order of 2.5 microns, power plants are being forced to apply techniques to improve
the further control of fine particle emissions. The new, restrictive best available technology
(BAT) requirements that will enter into force after 2021 clearly define the need to take
measures to adapt the existing and build new flue gas treatment installations [5]. The
following possible solutions are regarded: (i) modernization—increasing the electrostatic
precipitator settlement area and renovation of the existing chamber and internal equipment;
(ii) the use of various types of discharge electrodes; (iii) improving the velocity distribution
and homogeneity of the exhaust gas flow in the electrostatic precipitator based on CFD
simulations; (iv) replacement or modification of control systems and/or power units. This
paper deals with the third discussed solution.

The performance of many industrial or chemical processes strongly depends on the
complex gas flow distribution. The gas cleaning process also depends on the capture perfor-
mance of fly ash particles. Usually, the flow is very turbulent; the Reynolds number exceeds
the value of Re > 10° [6]. The velocity distribution influences turbulence in the vicinity
of the collecting electrodes. The unfavourable velocity distribution affects the uneven
turbulence, which translates into the collective capacity of the electrostatic precipitator.

Usually, in order to organize the flow in the ESP, diffusers are used upstream of the
dedusting chamber. The large collecting chamber with hoppers is connected with channels
by the diffuser (intake) and the contractor (exhaust). Inside the chamber, the electrodes are
fixed. Perforated plates are mounted inside the diffuser. Usually, the plates are combined
into one large panel. Depending on the size of the ESP, one panel can contain up to several
dozen plates. The open area ratio of the panel is defined as follows:

_ 4o
f= Ac’ 1)

where Ao is the overall surface area of holes in the plate and Ac is the overall surface area
of the plate. The plate open area ratio usually varies between 0.3 and 0.7.

Depending on the dimensions of the diffuser and the plates arrangement in the
diffuser, the angle of inflow of the gas stream to the surface of the plate may vary from 30°
to about 90°. The gas velocity distribution in the ESP thus plays an important role in the
overall performance of the ESP. The velocity distribution in the ESP should be in accordance
with the ICAC-EP7 [7] standard. Too high local gas velocities may cause the aerodynamic
forces of the particles to exceed the electrostatic forces generated by the collecting surfaces
and electrodes. This leads to a reduction in the separation efficiency. Likewise, if the local
velocities are too low, the collecting surface is not properly utilised and the potential for
particle build-up in the ESP inlet and outlet channels increases. Perforated plates of low
porosity tend to diverge in flow, causing flux to accumulate near the walls. On the other
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hand, perforated plates of high porosity have a poor flow distribution. In this case, a high
speed near the axis can be expected. Placing the plates close together will not improve the
gas flow distribution; on the contrary, the effect will be the opposite. Additionally, fixing
the plates at the exit of the diffuser is not recommended because of the distance the gas flow
has to travel before it can adjust and smooth out the vortices formed behind the perforated
plate. Thus, determination of the plates” locations and the degree of the plate’s open area
ratio requires multi-variant analyses based on CFD that are not feasible in real conditions.

2. Previous Studies of Modelling of Flow through Perforated Plates

As already mentioned, electrostatic precipitators are a good example of large-scale
units, and extensive research has been carried out for this particular type of apparatus.
Numerical modelling of the flow distribution inside the ESP allows us to achieve the best
collecting performance of the electrostatic precipitator [8,9]. Such studies have been used
to investigate the air flow in the presence of an electrostatic field [10,11], and authors
have captured the effect of the electric field by adding a source term in the momentum
equation. The 2D model that takes into consideration all the processes involved inside an
industrial ESP, which are the fully coupled to three coexisting fields of gas flow, particle
dynamics, and electrostatics, has been presented by Scodras et al. [12]. The effect of corona
charging and particle collection with a simple 3D model have been studied by Arif et al. [13].
The effect of interactions between the electrical field and passing air is usually studied
with a simplified model of small samples of ESP reduced to few electrodes. Numerical
investigations of flow through the perforated plate were conducted by Guo et al. [14]. These
authors have studied flow structure around a single hole of the perforated plate. Authors
have found that local eddy downstream of the plate is the main cause of pressure loss.
Effects of air inlet velocity magnitude on the velocity distribution in ESP was investigated
by Yusop et al. [15]. Again, a 2D CFD model was used in their investigations. Similar
investigations in terms of velocity distribution in ESP were conducted by Kouropoulos [16].
Celik et al. [17] in their own numerical investigations have found that porosity of the plate
is the most effective design parameter in terms of pressure drop across the plate, while
the least effective is the hole pattern. However, due to numerous small open area ratios in
the plate and large differences in dimensions reaching at least two orders of magnitudes,
the perforated plates located in the ESP can be considered as very complex geometry.
Numerical simulation of the entire ESP including chamber, hoppers, a piping system with
turning vanes, plates, etc. is inefficient, impractical, and extremely costly. It must be
pointed out that this geometrical model would require very precise computational mesh to
capture the boundary layer and the huge number of the holes in the plates. Additionally,
due to flow complexity, the simulation in time-dependent conditions seems to be more
favourable. Taking into consideration the time expenditure and requirements for the grid
quality, solving the case with several dozens of millions of computational cells becomes
unprofitable due to the significant time and numerical costs. For this reason, the steady
state numerical simulation has been proposed to be applied [18,19]. However, this in turn
is associated with an inevitable error in the velocity profile prediction for the unstable
flow behind the perforated plate. Velocity distribution behind the perforated plate of the
open area ratio 0.50 located in the diffuser in ESP using the porous material model was
numerically investigated by Swaminathan and Mahalakshimi [3].

An indirect modelling of the perforated plate with application of the porous media
model is proposed in this paper. Two novelties have been provided in this paper: the
first one is an attempt to develop a universal approach of modelling of the perforated
plates of various open area ratios, and the second novelty is related to the structural
elements applied between plates. As was stated previously, in large-scale systems the
panels consist of several dozens of perforated plates connected with structural elements.
Investigations presented in the literature usually cover one plate and neglect the presence
of the structural elements, which in many cases leads to incorrect flow prediction, which is
general motivation for the present research. It is worthy to note that the proposed approach
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focuses on a practical and easy-to-apply method where the rough similarity of the flow with
acceptable accuracy is important, rather than detailed statistical analysis. The proposed
approach is aimed directly at designers and engineers involved in the design, optimisation,
and operation of flow systems with complex geometry for the quick evaluation of different
configurations and flow cases.

3. Materials, Methods and Procedure

The proposed modelling approach was tested for the plates with the following open
area ratios: 0.30, 0.35, 0.40, 0.44, 0.50 and 0.55 (circle open area ratios, D = 60 mm); 0.60
and 0.69 (rectangle open area ratios, 97 x 87 mm and 146 x 148 mm, respectively). The
research plan applied to produce the modelling approach is presented in Table 1.

Table 1. Research plan.

Procedure, Type of Studies

Effect

1 Initial numerical studies of single plate, f = 0.30 estimation of the flow disturbances
. . S . _ experimental results database: pressure drop,
2 experimental investigation of single plate, f = 0.40 velocity distribution
. . . _ numerical results database: pressure drop,
3 numerical studies of single plate, f = 0.40 velocity distribution
4 comparison of numerical and experimental results data statistics (Figure 5, Figure 6 and Figure 7)
. . a1 1 . numerical results database: pressure drop, velocity
5 numerical studies of the plate with different open area ratios distribution, coefficient C, (Tables 4 and 5)
6 development of correlation for pressure drop for all plates correlation for pressure drop (Equation (11))
7 numerical (s;:jelfos p(;fdﬂclsrfr)gll;iotlsnplate using data statistics (Figure 8 and Figure 9)
numerical studies of the perforated panel with different m{me‘rlca% results datab?se: presshre drop, Vgloc1ty
8 open area ratios including structural elements distribution (Table 6, Figure 12, Figure 13, Figure
P & 14 and Figure 15)
. . . . numerical results data base: pressure drop,
9 numerical studies of the porous panel including - oyociedictibution (Table , Figure 12, Figure 13,
Figure 14 and Figure 15)
10 validation of results: perforated panel vs. porous panel data statistics, general conclusions

3.1. Modelling Approach

The main assumption in modelling was the application of porous material instead
of the perforated plate. The porous zone is described by the source term added to the

momentum equation [20]:

%(pﬁ)—kv‘(pﬁﬁ) :—Vp+V~<§>+p§+?,

where

(%) = y{<vﬁ+vﬁT> - iv-m]

The source term in the momentum equation is as follows:

3 3
1
Si= - (Z Dijpiuj + ) Cifzpuluf>’
=i =

where S; is the source term in momentum equation (i = x, y or z), |u| is the velocity module
and D;; and Cj; are the given matrices. In the above equation, the viscosity losses (Darcy’s
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law)—the first term on the right-hand side of this equation, and the internal losses—the
second term on the right-hand side of Equation (4), are included.

The momentum loss relates to the pressure gradient in porous media. Pressure loss is
proportional to the velocity of the flow; however, for homogenous porous materials it is:

1
Si = —<‘Zui+C22p|u|ui), (5)

where o is permeability and C; is the coefficient of internal resistance per unit thickness. It
should be noted that in Equation (4), D;; and C;; are diagonal matrices with 1/« and C,
respectively, on the main diagonal and zeros for rest of the entries.

In laminar flow, through the porous material the pressure drop is directly propor-

tional to velocity and the C; coefficient can be omitted. Ignoring convective and diffusive
phenomena, the model of the flow in porous material is reduced to Darcy’s law:

1=

Vp = —Zt (6)

For higher flow velocity, the coefficient C, takes into account the losses generated by

the internal resistance. This coefficient can be considered as a loss coefficient in reference to

length in flow direction. In the case of the perforated plate (a substitute for porous material)

the permeability term might be omitted and a term representing only internal resistance
can be used. This leads to:

3 1
Vp = —Zczij(zpuj|u|>/ @)
=1

or considering all directions x, y, z, changes in pressure Ap are:

3
1
Apx~ Y szj5x§pu]-|u\,
j=1

3
1
Apy =~ Z Czyjéyipuj|u|,
j=1

3
Ap, =~ Z;Chjézipuﬂu\ .

=
The main idea for the substitution of a perforated plate with porous material is to
find performance characteristics of porous material as the dependence of the pressure
drop on flow velocity. In the CFD code used in present simulations, the porous material
is described by three terms, namely: porosity P (scalar), permeability o and coefficient
of internal resistance Cy (both are vectors). Porosity represents the void fraction, which
measures the empty spaces in an observed volume of material. In the case of a perforated
plate, all the holes are cylindrical, and the porosity results equal the value of the open area
ratio f. The pressure drop Ap across the plate  was calculated by the following equation:

Ap _p 1 2
7 = Eu + ECZPH . (8)
3.2. Validation Apparatus and Procedure
3.2.1. The Testing Stand
The testing bench for experimental studies of changes in velocity distributions and

pressure drops on the tested plates consists of a fan, an air-flow channel and measurement
and data acquisition systems. The schematic diagram of the stand is presented in Figure 1.
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Figure 1. Schematic of the test channel.

The tested perforated plate was placed in the channel. The flow through the channel
was generated by a radial fan driven by a motor power of 22 kW. The fan flow capacity
is controlled by changing of the rotational speed of the drive motor in the range of 20 to
100%. The pressure drop measurements and velocity distributions were carried out. The
distance between the perforated plate and measurement test plane was determined based
on initial CFD studies. Simulations of the air flow through the plate with open area ratios
of 0.30 were performed for estimation of the flow disturbances. This plate was selected
because it has the lowest open area ratio surface area that produces the largest pressure
drop and generates the most turbulent flow. The distances between the plate and test plane
equal to 2D, 5D, 10D, and 20D behind the plate, where D = 60 mm denotes the plate hole
diameter that was used in experiments. Finally, the measurement devices for pressure and
velocity were located at a distance of 10D behind the perforated plate.

The pressure was measured using the differential method, i.e., by the measurement of
the static pressure at two planes: in front of the plate and behind the plate (both distances
are 10D). A system of 5 measurement nozzles (flanges) placed in the side walls of the test
channel was used. Thus, the measurement of the static pressure drop was carried out as a
measurement of the averaged static pressure at the channel wall. The measurements were
made with the use of a pressure difference transducer, the measurement accuracy of which
is £ 0.075% of the measurement range. This means that the maximum systematic error of
the sensor measurement used in the tests was 0.15 Pa. The velocity field was measured in
front of and behind the perforated plate (both distances are 10D). The measurements were
performed with the use of a thermoanemometric probe, model 8455-225 of TSI Inc. In the
velocity range of 10 m/s, the accuracy of a thermoanemometer is 0.05 m/s. The measure-
ments were carried out at 195 different locations of the probe given by matrix M, , where
m =15 and n = 13 are columns and rows along the x and y axes. The thermoanemometer
registered approximately 200 samples, which were time-averaged; then, the probe was
manually moved from one point to another. Additionally, at 1300 mm behind the plate
a vane probe, model 435 of TESTO, was used for velocity measurements as it is seen in
Figure 1. This measurement provided additional information about the fan operation.
Temperature and relative humidity of air were also measured. It was observed that changes
in temperature were in the range of 19.8-21.6 °C while the relative humidity was in the
range of 65-75%. We decided to neglect changes in air temperature and relative humidity
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in these investigations. A data acquisition system based on the National Instrument SCXI
standard with LabVIEW software was applied in experiments.

3.2.2. Single Plate Modelling

Simulations for estimation of the flow disturbances were carried out for the plate of
the open area ratio f of 0.30. However, the proper simulation of the air flow through the
channel was performed for the plate of the open area ratio f = 0.40. This plate was provided
by the ESP manufacturer for the experimental investigations [21]. This case can be treated
as representative of the analysed range of geometries as it has an intermediate degree of
open area ratio. The dimensions of the single plate are 1230 x 875 x 4 mm. A geometrical
representation of the test tunnel is shown in Figure 2. The full 3D geometrical model
contains of all the structural details inside the tunnel. Additionally, part of the exterior area
of the tunnel was included in model. By this means, the inlet conditions were more realistic
and allow to avoid the assumption of the uniform profile at the inlet of the tunnel.

Figure 2. Geometrical representation of the test channel.

The model was discretised with unstructural mesh. More dense parts of the mesh
were generated in the vicinity of the plate. Mesh independence studies have been carried
out to estimate the total number of computational cells to eliminate the dependence of
the results on the mesh density. For given inlet velocity v;,, = 5 m/s the pressure drop Ap
was calculated for a different number of cells (see Table 2). Mesh-independent studies
reveal that approximately 2.7 million of cells would be the best case, because with further
increasing the mesh density, the changes in the results are negligible. Ansys Fluent solver
was used. General assumptions for these studies were as follows:

the flow was at the steady state condition;

air was treated as an incompressible gas of density 1.225 kg/m?;

air is free from ash, dust, or any other particles;

there was no presence of electrostatic field or other acting sources, except gravita-
tional force;

e temperature of air does not change.
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The above assumptions are commonly applied for modelling of flow distribution
systems for ESP [3,8,15,19]. The turbulence model k-w was applied for the discussed case
of flow distributor [22].

In this case, pressure inlet p;, and pressure outlet p,,; were set as the boundary
conditions; therefore, velocity was treated as a sought parameter. Several cases were
calculated for Appc = pi; — pour in range of 20-700 Pa. The temperature of air was 300 K
for all tested cases presented in this paper. Obtained results were used for experimental
validation. They are presented in Figure 5.

Table 2. Results of mesh independence tests.

Mesh No. Number of Cells Pressure Drop, Ap [Pa] A""Z—}i”"‘l .100%
1 280,640 138.29 -
2 518,090 141.86 2.52
3 724,520 143.61 1.22
4 1,438,303 144.75 0.788
5 2,685,433 145.02 0.186
6 4,103,286 145.18 0.110

In Figure 3, the pathlines inside the tunnel for Apgc = piy, — Pour = 145 Pa were shown.
It shows the vortice creation behind the perforated plate.

Figure 3. Pathlines inside the tunnel for Appc = 145 Pa.

In Figure 4, the velocity fields at different planes are shown. The velocity before the
plane (P1) and behind the plate at the plane P2 are shown. The plane P1 is located at a
distance of 10D in front of the plate and P2 is located at a distance of 2D behind the plate.
Regardless that the plane P1 is not fully visible, the differences of the flow-field between
the planes P2 and P1 are clear. Figure 4 also shows that the flow becomes uniform at the
rest of the planes.
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Figure 4. Velocity field at different planes for Apgc = 145 Pa.

3.2.3. Experimental Validation

The experimental investigations were conducted for the plate with an open area ratio
f =0.40 (see Section 3.2.2). The relationship between air velocity and pressure drop through
the plate was compared. Four measurements were carried out for various fan speeds and
resulting air flow velocities. Results were averaged using the area-weighted averaging
method. Pressure differences between static pressure measured at the plane P1 and the
plane P4, Ap = p; — pa, for each point were calculated and compared with the same pressure
difference obtained from CFD. Results are shown in Table 3 and Figure 5. Relative error
was calculated as follows

_ CFD — EXP

RE CFD

-100% )

Table 3. Comparison of numerical and experimental results.

Measurement No. Apgxp [Pa] Apcrp [Pa] RE [%] ugxp [m/s] ucgp [m/s] RE [%]
1 53.93 +1.28 53.89 —0.07 3.22 £0.19 3.34 3.73
2 94.72 + 0.75 95.26 0.57 4.37 +0.20 4.44 1.60
3 125.59 + 1.84 126.70 0.88 4.87 +0.22 5.12 5.13
4 154.70 +2.74 156.06 0.88 5.72 £0.22 5.69 —0.53

300
g
= @
g 250 +
200 T
&
150 + m
“0
100 + e
,-'o'
+ experiment
20T 4° & CFD
- ___.0"—-
0 A : : : : :
0 1 2 3 4 5 6 7 8

velocity [m/s]

Figure 5. Comparison of numerical and experimental results.
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=]

As seen, in Table 3 the numerical results fit well to experimental results. Pressure drop
and mean velocity are slightly overpredicted by CFD simulation; however, the maximum
relative error for velocity is 5% and lower than 1% for the pressure drop.

The results shown in Figure 6 indicate that the velocity profile obtained from CFD
predicts the profile obtained from the experiment along the measurement lines well. As
shown in Figure 7, the relative error between the obtained results is in the range of £15%. It
can be concluded that numerical simulation predicts pressure drop and velocity distribution
with good accuracy.

velocity [m/s]
w
t
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1

(el

o
<o
velocity [m/s]
w

IS
|
t
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+ experiment )
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Figure 6. Velocity profile behind the plate: (a) for measurement row No.3 (y = 218 mm); (b) for row No.6 (y = 518 mm).

Corresponding Ap = 100 Pa.
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Figure 7. Relative error between numerical and experimental results shown in Figure 6 for measure-
ment lines No.3 and No.6.
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4. Results of Modelling of the Panels
4.1. Modelling of the Perforated Plates with Different Open Area Ratios

Good accuracy between the numerical and experimental results of pressure drop
and air velocity allows us to perform simulation for all analysed perforated plates. It
should be emphasised that air flow in the test tunnel is not reliable for the simulation of
flue gas flow inside the ESP. Under realistic conditions, walls do not affect the flow in
such manner as in the test tunnel due to large distances between walls. Therefore, for
calculation of the performance lines for perforated plates, periodic flow was taken into
consideration. In the numerical model, the walls were set as periodic boundary conditions.
By this means, we have captured the effect of repeatability of the plates and the boundary
layer was eliminated. Calculations were performed for all investigated plates. General
assumptions are given in the previous section. Numerical meshes for these cases contain
2.0-2.8 million ells, where the number of computational cells increases as the parameter f
increases. Velocity in the range of 1-10 m/s with a step of 1 m/s and outlet were set as the
boundary conditions. In this calculation, the pressure drop was the resultant parameter.
The calculated values of the pressure drop on the plate for the selected various velocities
are presented in Table 4.

According to Equation (8), the pressure drop across the plate is related to the thickness
of the plate Ap/s.

The pressure drops for each plate presented in Table 4 can be approximated with the
following function:

Y = Au + Bu?, (10)

which is similar to Equation (8), where Y = Ap/6, A = u/a and B = 0.5 pC,. Approximation
of pressure drop across the plate as a function of velocity gives the parameters A and
B. Taking dynamic air viscosity p and density p, the coefficients & and C; can be found.
Parameter A is at the order of magnitude of few or dozens. Therefore, on the basis of
obtained coefficient A, the value of the permeability « in the range of 0.8 < 3.0 x 107°
could be found. For the analysed plates, Ap/6 (Equation (10)) mostly depends on the term
0.5Copu? (see Figure 5) and the term piu/a has a minor impact. Therefore, in this paper, the
term pu /o was not taken into consideration for calculation of internal resistance coefficient
C,. Values of the internal resistance coefficient C; are presented in Table 5.

Table 4. Pressure drop for the tested plates for various velocities.

Velocity [m/s]

f 1 3 5 7 9

- Pressure Drop [Pa]
0.30 2515 22,648 62,926 123,351 203,923
0.35 1527 13,718 38,092 74,648 123,385
0.40 963 8634 23,963 46,948 77,589
0.44 681 6087 16,886 33,076 54,654
0.50 358 3140 8675 16,955 27,978
0.55 263 2289 6305 12,306 20,289
0.60 225 2009 5570 10,908 18,022

0.69 134 1188 3291 6442 10,640
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Table 5. Values of internal resistance coefficient C,.

Open Area Ratio Coefficient C;
0.30 4368.62
0.35 2592.16
0.40 1649.31
0.44 1194.39
0.50 774.76
0.55 561.06
0.60 417.88
0.69 247.96

4.2. Modelling of Single Porous Plate

Data from Table 4 were used to propose a general relationship between porosity and

internal resistance:
Cy = 71.688f 3421, (11)

The internal resistance of equivalent porous material for each tested perforated plate
was found from Equation (11). The coefficient of determination R? = 0.9998. Once the
internal resistance C, was found, the validation calculations were performed, in which the
perforated plate was replaced by a porous core. The boundary conditions were the same as
in Section 4.1. Numerical simulations were conducted for all plates (see Table 4). The plate
with f = 0.4 was comprehensively investigated in terms of pressure drop for velocities in
the range of 1-10 m/s. Results are presented in Figure 8. As can be seen, the pressure drop
obtained for the porous plate is lower by about 20% than for the perforated plate.

9 140
s 7
o e
v 120 - p
o 7
(] «
2 100 - e -
£ s -
~ s -~
S 30 - s -7
& g 2-
L e - s /’//
3 4 -
e
40 7
R
-
Ve ~
20 - s
Z
A e
0 T T T T T T
0 20 40 60 80 100 120 140

Ap/6 [kPa/m] perforated plate

Figure 8. Comparison of pressure drop per depth of the plate for perforated and porous plates,
£ =0.40.

The rest of the tested plates substituted with corresponding porous material with C,
calculated from Equation (11) were studied for two velocities: #1 =5 m/s and up =10 m/s.
The comparison between pressure drop for all tested cases is shown in Figure 9. The figure
shows that for the rest of the tested plates, the same trend as for the plate of f = 0.40 is
observed. Again, the pressure drops obtained for the porous plates is lower by about 20%
than for the corresponding perforated plates.
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Figure 9. Comparison of pressure drop per depth of the plate for perforated and porous plates for all
tested plates and two average velocities of air.

4.3. Modelling of Test Panel Plate

As previously stated, in the ESP one panel contains several perforated plates. Plates
are connected by means of the structural elements. These elements affect the gas flow in
the ESP. In the numerical simulation presented in this paper, the analysed panel containing
four plates with structural elements was investigated. Walls were set as periodic boundary
conditions. By this means, we have captured the effect of the repeatability of the plates.
Part of the geometrical model for the case of f = 0.50 is presented in Figure 10.

Figure 10. Part of geometrical model of the tunnel with panel plate including structural object; grey
area represents the plane at x = 0.63 m.
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Numerical studies were conducted for both the perforated plates panel and the
porous core panel. Again, for the porous model, the coefficient C, was calculated from
Equation (11). As previously, for both cases, the perforated plates panel and porous core
panel velocities #1 =5 m/s and up = 10 m/s were set as boundary conditions. Calculations
in which the structural elements are included were performed for the cases: f = 0.40, f = 0.50,
f=0.55and f = 0.60. Pressure drop through the perforated plate (10D before and behind
plate) was compared with pressure drop through the porous plate for the same average air
velocity at inlet. Results are presented in Table 6. The table also shows calculated velocity
at the plane located at a distance of 10D behind the plate, for both cases: the perforated
plate and the porous plate. Relative error was calculated as follows

RE — Aporous - Aperforated

-100% 12
Aporous 12)

Table 6. Numerical results of pressure drop for perforated plate and equivalent porous plate.

Perforated Plates Panel Porous Plates Panel RE Perforated Plates Panel Porous Plates Panel RE

u [m/s] Ap [Pa] Ap [Pa] [%] u [m/s] u [m/s] [%]
f=040 £ =040

5 147.67 144.75 2.02 4.970 4.962 0.16

10 590.72 573.48 3.01 9.940 9.925 0.15
f=0.50 f=0.50

5 76.70 76.13 0.74 4978 4.962 0.32

10 306.82 298.48 2.79 9.956 9.924 0.32
=055 f£=055

5 57.81 56.91 1.58 4.959 4.962 0.06

10 231.22 221.47 4.40 9.919 9.924 0.05
f£=0.60 £=0.60

5 46.59 48.13 3.20 4.999 4.998 0.02

10 186.17 186.23 0.30 9.999 9.997 0.02

It can be seen from Table 6 that pressure drops for both panels have almost the same
level. The relative error is less than 5%. The average values of calculated velocities behind
the plate are in very good agreement with a relative error less than 0.5%. The important
part in this simulation is velocity distribution. It is expected that structural elements will
disturb the flow. In order to compare the velocity distribution between the plates, velocity
magnitudes at 21 different levels (x coordinate in Figure 10) were analysed. One of the
planes located at x = 0.63 m is shown in Figure 10, and flow direction is along the z axis.

As was emphasised previously, the structural elements must be included in the model
with porous core. The distance of the first row of holes from the plate edges of perforated
plates is different for each case. As the open area ratio of the plate increases, the number of
holes in the plate increases and the distance of the first row of holes from the plate edges
decreases. Because the porous core has to replace a perforated plate of the various open
area ratios, the equivalent area for the porous core valid for all tested plates has to be found.
Note that the structural elements have different sizes for panels with porous cores, while
for the perforated plate, panels have the same size regardless of the open area ratio f (see
Figure 11).

It is expected that in the porous core panel, the structural elements will disturb the
flow, just like in the case of the panel with perforated plates. The pathlines obtained for
both types of the panels are presented in Figure 12. The left-hand side figure presents
the flow through the perforated panel, and the right-hand side figure presents the flow
though porous core panel. In both figures, the vortices generated by the structural elements
are visible.
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Figure 11. Perforated plate panel vs. porous plate panel for open area ratios f = 0.55 and f = 0.30.

Only a few exemplary results for different cases are shown in the paper. This is
because of the large number of obtained results, and mostly because the results show
similar trends and flow-fields for all cases. The top view of the pathlines on the plane
located at x = 0.63 m (see the plane location in Figure 10) is presented in Figure 13a, while
the view of the pathlines on the plane located at 50% height (x = 0.88 m) is presented in
Figure 13b. It can be seen that the structural elements in the porous core panel predict well
the vortices behind the panel compared to the vortices observed in the flow through the
perforated plate. In Figure 13b, the black line on the right-hand side of the plate represents
the cross section used for qualitive validation shown in Figure 15.

Figure 12. Isometric view on pathlines for four plate panels with open area ratio f = 0.40 (left) and corresponding porous
core (right), 1,5, =10 m/s.
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Figure 13. (a) Top view on pathlines on the plane located at x = 0.63 m for four plate panels with open area ratio f = 0.40
(left) and corresponding porous core (right), #;,;,; = 10 m/s. (b). Top view on pathlines on the plane located at 50% height (x
= (.88 m) for four plate panels with open area ratio f = 0.40 and corresponding porous core u;,;,; =5 m/s.

Quantitative validation of velocity distribution is presented in Figure 14 for two
exemplary lines, only for the case of f = 0.50. Lines are located approximately at the middle
of the first line of holes (x = 0.075 m) and at 40% height of the tested model (x = 0.63 m). The
lower values of velocity magnitude in the middle of the distribution line (approximately
y = 1.2 m) result from the presence of the structural elements. The lower part of Figure 14
shows the relative errors for these cases. It is clear that the velocity profile for the porous
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plate fits well to the velocity profile for the perforated plane. As can be seen for the majority
of the sample points, the relative error calculated from Equation (13) is in the range of

+10%. Higher discrepancy is observed for points in the vicinity of the model walls.
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Figure 14. Velocity module profiles at cross-section x, f = 0.50, for inlet velocities 5 m/s and 10 m/s.

(13)
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The velocity field for the case of f = 0.40 and velocity u = 5 m/s is shown in Figure 15a
and for the case of f = 0.50 and velocity # = 10 m/s is shown in Figure 15b. Again, very
good agreement between results is observed. All planes are located at a distance of 100 cm
behind the plate. The velocity field for both cases is divided into four parts, which represent
four plates. A maximum velocity of Uy ~ 6.5 m/s for f =0.40 and #yay ~ 12 m/s for
f =0.50 in the middle of each plane was observed.

Q N 9 X © o A Q9 N 9 X © o A

velocity [M/S]  mm— . 0500 ()
0.

f=0.40, u = 5 m/s—perforated plate

O 9 6 A o N N O 9 % A o N N
e —— ] e —
velocity [m/s] § - 0908 () velocity [m/s]  § - 0960
f=0.50, u =10 m/s—perforated plate f=0.50, u =10 m/s—porous plate
(b)

Figure 15. Velocity module field at distance of 100 cm behind the plates, f = 0.50, for inlet velocities 5 m/s and 10 m/s. (a)
Velocity field for the perforated plate with open area ratio f = 0.40 (left) and corresponding porous core (right), velocity
inlet u =5 m/s. (b) Velocity field for the perforated plate with open area ratio f = 0.50 (left) and corresponding porous core
(right), velocity inlet u = 10 m/s.

5. Conclusions
The following conclusions can be drawn on the basis of the obtained results:

e The paper presents the approach of the modelling of flow through such complex
objects as large-scale perforated plates using the porous core model. The proposed
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method can be interesting and easy to apply by engineers for designing and optimising
complex structures in which structural elements cannot be ignored. An example of
such a structure is an ESP used in power technology.

e  The proposed numerical modelling approach predicts well the air flow through the
perforated plates of different open area ratios with use of the porous model. This can
lead to a significant reduction in time and required computational resources for the
design and modelling of the flow where homogeneity is required.

e  Pressure drop through the perforated plate obtained from a CFD simulation fits the ex-
perimental pressure drop with an error less than 1%. Pressure drop of the plates of the
different open area ratios can be approximated by the mean of polynomial functions.

e  Proposed correlation can be used for prediction of the internal resistance coefficient
as a function of the plate open area ratio. The pressure drop through the porous core
predicted by simulations using developed correlation differs from the pressure drop
generated by a perforated plate by less than 20%.

e  Qualitative and quantitative obtained results in terms of velocity field and pressure
drop across the plate show that the proposed approach has great potential for practical
applications. As the next step, investigations into angular flow through the plates
are proposed. This would allow the area of application of the proposed approach to
be increased. In addition, the application of apparent porosity instead of the actual
porosity may be investigated to further improve the proposed method.
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Nomenclature
Ap,Ac surface area of holes, total surface area of the plate, respectively, m?
Cy internal resistant coefficient, m~!

diameter, m

open area ratio of the plate,
pressure, Pa

porosity,

velocity, m/s

permeability, m?

thickness of the plate, m
density, kg/ m3

dynamic air viscosity, Pa-s

tb%gxw‘s\o
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