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Abstract 
This paper investigated lateral diffusion of a confined two-dimensional wall 
jet (air inlet height: 5 cm) through a perforated plate. We considered two plates 
with porosities of 0.3φ =  and 0.5φ = . The plates were positioned at dis-
tances of 10 cm and 20 cm below the jet inlet. The experiments were realized 
using 2D Laser Doppler Anemometer (LDA). Different profiles of mean and 
fluctuating velocities are presented. The presence of a perforated plate strongly 
modified the airflow pattern compared to an empty enclosure. The velocities 
above and below the plate depend on several parameters, including the po-
rosity and the plate’s position relative to the inlet slot and the longitudinal 
position. The difference between the flow velocity above and below the plates 
could not be related using a universal formula that depends on these parame-
ters. We also investigated the influence of a porous media of a height of 20 
cm (a stack of spheres having a diameter of 3.75 cm) located below the perfo-
rated plate. The results highlight that the porous medium strengthens the ef-
fects of the perforated plate on the flow. 
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1. Introduction 

Most investigations involving a perforated plate focus on the evaluation of the 
pressure deficit through a perforated plate placed perpendicularly to the flow di-
rection [1]-[7]. Some investigations in which the perforated plate/porous me-
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dium is tangential to a flow may concern Stokes flow [8] [9], the results of which 
are not applicable in the case of high Reynolds number flows. These investiga-
tions focus on the interface conditions between the perforated plate/porous me-
dium and the clear flow. In fact, Beavers and Joseph [9] were the first to investi-
gate the flow over a porous medium. They investigated a Poiseuille flow experi-
mentally over a naturally permeable bed. Their results highlighted the existence 
of a velocity discontinuity at the interface between the two media through the 
following relation: 

( )d
d s D
u u u
z K

α
= −                        (1) 

where su  is called “slip velocity”, Du  is the Darcian velocity in the porous me-
dium, and α  is a dimensionless coefficient called slip coefficient. 

This relation arises from the existence of two media where two different equa-
tions govern the flow. The Stokes equations govern the clear region: 

2
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In this relation, z is the coordinate for the wall-normal direction, and x is the 
coordinate for the longitudinal direction. 

In the porous media, the empirical Darcy law governs the flow: 
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where µ  is the fluid’s viscosity, K is the permeability of the porous medium, 
f

vp   is the fluid phase-averaged pressure, and Du  is the Darcian velocity. 

Du  is the volume-averaged velocity of a local elementary volume located away 
from the interface. The volume average for the velocity is taken over the fluid 
and solid phases: 

( )D vu u z= → −∞                        (4) 

Since the Darcian velocity is considered in the porous region instead of the 
local velocity, a velocity discontinuity arises at the interface of the two media. A 
mathematical justification of the interface condition Equation (1) was derived by 
Saffman [10]. 

Several other investigations of the flow over a porous medium attempting to 
account for the slip velocity have been carried out [9] [11] [12] [13] [14]. More-
over, several other methods have been proposed, including the Brinkman inter-
face condition accounting for the slip velocity through an “effective” viscosity 
µ  and the interface condition of Brinkman [15]-[28]. The result of these inves-
tigations is the impossibility of deducing an analytical formula that describes the 
interface conditions. 

A similar situation concerning the conditions at the interface between a clear 
flow and a perforated plate has also been observed on flows over a perforated 
plate. For example, Laplace and Arquis [8] showed that the flow at the interface 
perforated plate/clear flow is governed by the following relation relating the ve-
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locity gradient to the slip condition: 

d  
d s
u u
z L

α
=                           (5) 

in this relation, α  is the slip coefficient, L is the length scale of the perforation, 
and su  is the slip velocity. 

Similar relations highlighting the slip velocity have also been obtained by Po-
zrikidis [29]. He considered many flows configurations: flow over a screen, sieve, 
planar solid matrix, thin slab, a periodic array of spheres, or infinite cylinders. 
These investigations were realized at very low Reynolds numbers correspond-
ing to Stokes flows. Parallel shear flow on one side of the porous interface re-
sulted in a slip velocity at the membrane’s wet surface and a drift velocity paral-
lel to the membrane on the other side. The drift velocity is roughly proportional to 
the slip velocity. The proportionality coefficient depends on the membrane thick-
ness [29]. So, the drift velocity is equal to the slip velocity only in the case of a ze-
ro-thickness membrane. Computation of a shear flow past a permeable interface 
modeled as an array of cylinders by Pozrikidis [30] shows that both the direction 
and the magnitude of the slip and drift velocities depend on the interface cha-
racteristics, the porosity, and the Reynolds number. Pozrikidis [31] summarizes 
previous results from different authors of a laminar (low Reynolds number) shear 
flow over a solid surface containing perforations with several different types of 
surface modeling. The modeled surfaces were parallel slits, a surface with circu-
lar holes or square lattices, a doubly periodic array of spherical or spheroidal 
particles, a periodic array of cylinders, a doubly periodic array of square or cir-
cular plates with uniform gaps between each plate. Each of these configurations 
led to a different analytical expression of the slip velocity. This highlights the 
strong dependency of the slip velocity on the geometry of the surface. The au-
thor concluded that it was impossible to establish a universal law of the slip ve-
locity. Pozrikidis [30] also investigated the effect of the Reynolds number on the 
slip velocity and concluded that inertial effects appearing at higher Reynolds 
numbers accentuate the magnitude of the slip velocity. However, since the flow 
at high Reynolds numbers is no longer governed by the linear Stokes equations 
but by the Navier-Stokes equations, it was impossible again to derive an analytical 
expression of the slip velocity. 

The case where the flow is oblique toward the plate is less encountered. The 
numerical modeling of such flow requires accounting for the two effects: the pres-
sure jump resulting from the traversing of the flow in the normal direction to the 
plate and the velocity deficit due to the tangential flow, which arises from the slip 
condition applying at the perforated surface. The first case was widely investigated, 
and analytical relations can be found in textbooks [7] and easily implemented. 
However, in the second case, it was shown from the above review that an easily 
implementable slip velocity relation could not be deduced. Moureh et al. [32] 
modeled pallet walls as pressure jump interfaces, neglecting the slip velocity effect, 
and reported significant differences between numerical and experimental results. 
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They attributed these differences to the fact that the tangential friction was not 
considered. In the same way [33] [34] and [35] modeled a perforated plate as a 
thin porous region with anisotropic permeability. In these studies, the interface 
conditions were not correctly modeled, which led to unsatisfactory results. 

The above review shows the two canonical cases that are the most investigated: 
the flow tangential to a perforated plate/porous medium and the flow normal 
to a perforated plate/porous medium. The configuration where these two confi-
gurations are both encountered simultaneously is less studied. 

This type of configuration can be encountered in refrigerated facilities of the 
cold chain. Palletized foods include vented pallets that combine perforated walls 
and macroscopic porous medium representing the stack. They are maintained at 
the right temperature by using a wall jet that diffuses inside the whole enclosure. 
Due to the complexity of the geometry, some regions will be characterized by a 
tangential flow over a perforated/porous medium and others by a flow normal to 
a perforated surface. In this type of configuration, previous numerical modeling 
of the perforated surface only considered the effect of the pressure jump through 
the perforated plate/porous medium, which led to unsatisfactory results [32]. 

This paper aimed to consider a simple configuration where the two pheno-
mena can exist simultaneously: the normal pressure deficit through the plate and 
the velocity slip in the tangential direction. It also aimed to investigate how to 
account for the two effects during numerical modeling. Therefore, the transver-
sal diffusion of a wall jet through a perforated plate placed inside an enclosure 
was considered. The configuration in which a porous medium (stack of spheres) 
is located below the perforated plate was also investigated. 

This configuration allowed the investigation of the pressure jump through the 
plate and the slip velocity and their dependency on the perforated plate’s geo-
metry characteristics like the porosity, the shape of the pores, and the height of 
the clear region above the plate (i.e., the velocity profile). 

The investigation was realized by determining the airflow pattern and the en-
closure’s mean and fluctuating velocity profiles. Firstly, the flow in the empty 
enclosure was investigated. After that, the influence of the perforated plate, the 
effect of the plate porosity, the impact of the plate’s position relative to the jet 
slot inlet, and the influence of the porous medium were studied. 

2. Experimental Device 
2.1. Geometry of the Enclosure 

The experiments were carried out using the enclosure shown in Figure 1. The 
blowing and the outlet sections are located on opposite sides. The air is supplied 
through a rectangular inlet section of height 5 cm tangential to the ceiling. The 
enclosure height was 75.5 cm, the length was 400 cm, and the width was 37.6 cm. 
The wind tunnel is a closed-loop facility. The exit of the geometry is designed 
like a convergent to facilitate the numerical modeling of the geometry. The con-
vergent design of the exit tends to create a positive pressure gradient between the  
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Figure 1. Schematic view of the empty enclosure and the perforated plates. (a) Perforated plate of thickness 4 mmt =  and 
porosity of 0.5φ = ; (b) Perforated plate of thickness 4 mmt =  and porosity of 0.3φ = . 
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exit and the first part of the enclosure, which stabilizes the numerical simulation. 
The inlet airflow rate was 3

0 1516 m hQu = , corresponding to an inlet veloc-
ity of 0 22.4 m sU = . The hydraulic diameter was 0 8.83 cmD = , and the ki-
nematic viscosity was 5 21.5 10 m sν −= × . The resulting inlet Reynolds number 
based on the hydraulic diameter, the inlet velocity, and the kinematic velocity 
was 5

0 0 0 1.3 10R D U ν= = × . All the model’s walls were made of wood except 
one lateral face, made of glass to allow internal air velocity measurement using a 
two-dimensional Laser Doppler Anemometer (LDA). 

2.2. Geometry of the Perforated Plate and Porous Medium 

Two perforated plates with porosities of 0.3φ =  and 0.5φ =  were utilized to 
investigate the influence of the porosity on the velocity difference at the inter-
face. The plates are shown in Figure 1. The diameter of the holes is 3 cmhd =  
in all configurations. The thickness of the plates is 4 mmt = . Two heights were 
chosen to study the influence of the position of the plates on the flow structure: 

60.5 cmZ =  and 50.5 cmZ =  (position of the upper face of the plate) i.e., 10 
cm and 20 cm below the jet entrance. 

The porous medium was a stack of spheres of a diameter of 3.75 cm (ping- 
pong balls). It extended along the whole enclosure and toward both lateral walls. 
Its height was 20 cm. The top of this porous layer was located 10 cm below the 
perforated plate. 

2.3. Laser Doppler Anemometer (LDA) 

The LDA system was a Dantec Dynamics technology. The system could correctly 
resolve the sign of the velocity, the magnitude, and the fluctuations. The system 
comprised a 70 mW laser diode, emitting a visible red beam at a wavelength of 
660 nm and an infrared beam at 785 nm wavelength. A beamsplitter enabled 
splitting the incident beam into two beams with the same characteristics. One of 
the split beams went through a Brag (acousto-optic) cell, shifting its frequency, 
allowing negative velocity resolution. A focusing lens of 50 cm was used to create 
a measurement volume resulting from the crossing of the two split beams. A re-
ceiving lens of 50 cm and a pinhole arrangement allowed the collection of light 
scattered by the moving particles. The emitting and the receiving optics were 
merged into one optic system. An oil atomizer producing particles with a di-
ameter of about 4 μm was used. The seeding is realized in a plenum chamber si-
tuated upstream from the inlet slot. The accuracy is considered to be below 0.1% 
[36]. Thanks to this setting, vertical, longitudinal, and transversal velocity pro-
files were realized throughout the enclosure. 

A maximum of 10,000 samples was specified for each point measured during 
these measurements, with a maximum sampling time of 120 s. The data acquisi-
tion was stopped according to which of these two events occurred first. The data 
rate varied between 500 and 5000 Hz for all measurements. 

The probe was positioned by a computer controlling a three-dimensional dis-
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placement system that provides a resolution of ±0.5 mm in three directions. 

3. Results and Discussion 
3.1. Empty Enclosure 

This section presents the airflow pattern in the empty enclosure. The results were 
deduced through mean and fluctuating velocity measurements 

3.1.1. Overall Airflow Description 
The transversal profiles of the mean longitudinal velocity component measured 
throughout the enclosure at mid-height of the inlet slot were conducted. A small 
effect of the lateral walls on the velocity profiles was observed, particularly near 
the inlet slot. Nevertheless, velocity profiles with greater uniformity were ob-
tained as we moved downstream from the inlet slot. Consequently, data mea-
surements for this investigation were realized in the symmetry plane, where the 
lateral wall effects were reduced. 

Figure 2 depicts LDA measurements concerning the evolution of the velocity 
profile throughout the enclosure. In Figure 2(a), are represented field of velocity 
vectors. Approximately one measurement point out of 3 is considered in order 
to have better visibility. In Figure 2(b), we superimposed the contour of the 
longitudinal mean velocity (color scale from −8 to 24 m/s) on the streamlines. 
These figures highlight the existence of two recirculation zones. Downstream 
from the jet inlet slot, the jet spreads out by diffusion, which causes an increase 
in the mass flow of the jet via an entrainment mechanism. This process continues 
until the jet separation at the ceiling, which splits the jet into different airflow  

 

 
Figure 2. Airflow pattern of the mean flow: (a) velocity vectors, and the corresponding b) contour of the longitudinal ve-
locity component (U) superimposed on the streamlines. (a) 2D velocity vectors using Laser-Doppler measurements (80 
points); (b) Streamlines superimposed with the contour of the longitudinal component of the velocity (U). 
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components. The downstream part of the jet, which corresponds to the jet’s mass 
flow rate ( 0Qu ), is drawn into the nozzle exit to continue the steady flow opera-
tion of the jet. The inner part is spilled back and entrains the formation of two 
recirculation zones into the enclosure. The main one is clockwise and extends 
from the inlet up to 275 cmX = , whereas the secondary recirculation is counter-
clockwise and is located in the enclosure’s left and bottom part. This recircula-
tion is similar to that appearing in backward-facing step flow configurations. 
The main recirculation results from separation at the ceiling level, giving rise to 
a negative longitudinal velocity in this area (Figure 2). The geometrical confi-
guration of the enclosure exit entails a favorable pressure gradient responsible 
for the separation at the ceiling. This phenomenon has already been seen in pre-
vious investigations of room air ventilation [37]. Jin and Ogilvie [38] investi-
gated an enclosure similar to the present configuration. The inlet and the outlet 
were opposite each other (on the right and left walls). They observed that this 
phenomenon (separation and recirculation) appeared when the incoming jet ve-
locity was above a given value. 

Hereafter, the wall jet characteristics are analyzed. These characteristics were 
compared with previous investigations of wall jets. 

Figure 3(a) depicts the LDA vertical profiles of the longitudinal mean velocity 
(U), measured in the symmetry plane along the enclosure. Only the profiles up-
stream from the separation from the ceiling are shown. The mean velocity (U) is 
non-dimensionalized by the local maximum velocity of the profile (Um) and the 
vertical coordinate (b). The latter is defined as the distance from the wall, where 
the velocity is equal to half the maximum velocity of the profile ( b Z= ) where 
( 2mU U= ). Non-dimensional representation of the mean velocity profiles al-
lows comparison with the empirical formula of Verhoff [39]. It describes the evo-
lution of a two-dimensional wall jet’s mean velocity profiles along the jet axis. Ex-
perimental data exhibit good agreement, suggesting the development of a two-di- 
mensional wall jet in the empty enclosure. 

Figure 3(b) presents the decay of the maximum velocity Um along the enclo-
sure in the dimensionless form: ( )2

0 mU U  is plotted as a function of (X/h) to 
compare with literature data. The graph exhibits the existence of three different 
regions. The first region ( 0 10X h< < ) corresponds to the potential core where 
the mean velocity is constant and is equal to the jet exit velocity. The second re-
gion (10 35X h< < ) is the development region where velocity profiles are 
self-similar, as shown in Figure 3(a). The third one extends beyond 35X h = . 
Figure 3(b) also shows that the maximum velocity in the same section is lower 
in the current experimental data than that observed by Rajaratnam et al. [40] or 
by Yu et al. [41] in a confined enclosure, where the inlet and the outlet sections 
were located on opposite walls. This difference could be explained by the effect 
of the jet separation occurring at the downstream coordinate ( 55X h = ). A better 
fit with the current experimental data was found with the experimental data of 
[42], where the inlet and the outlet sections were located on the same face. 
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Figure 3. Characteristics of the confined wall jet. (a) Comparison of normalized velocity profiles with empirical velocity profile of 
a wall jet; (b) Evolution of (U0/Um)2 with the normalized distance from the inlet section; (c) Evolution of the normalized thickness 
of the wall jet. 
 

Figure 3(c) presents the evolution of the dimensionless thickness (b/h) along 
the enclosure. The spreading of the jet appears quite similar to that observed by 
Rajaratnam et al. [40]. 

3.1.2. Velocity Evolution along the Jet Axis 
Figure 4 depicts the evolution of mean and fluctuating velocity measured along 
the jet axis (in the symmetry plane at mid-height of the inlet slot). The evolution 
of the longitudinal mean velocity exhibited three zones. The first one was located 
near the inlet ( 0 20 cmX< < ) corresponding to the potential core and was cha-
racterized by a constant velocity. The second zone extended between 20 cmX =  
and 200 cmX = , characterized by a constant slope. 

This region corresponds to the region where vertical profiles of mean velocity 
are similar. The third zone extended between 200 cmX =  and the separation 
position located at around 275 cmX =  and was characterized by a steeper  
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Figure 4. Evolution of mean velocities and fluctuating velocities along the jet axis (at 2.5 cm from the wall). (a) Mean velocities; 
(b) Fluctuating velocities. 
 

slope. Downstream from the separation position at 275 cmX = , the longitu-
dinal velocity initially exhibited some negative values and then remained very 
low. As mentioned in the above section, the flow separation was caused by the 
adverse pressure gradient in the rear part of the enclosure. It could not be coun-
teracted by the inertia of the jet, whose velocity had become too low. It then ap-
pears that the slope change between the second zone and the third zone denoted 
the influence of the positive pressure gradient. A higher inlet air-jet velocity will 
tend to expand the length of the second zone. 

Concerning the mean vertical velocity, it appeared to be constant, positive, 
and very low along the whole length of the enclosure. 

In Figure 4(b), the normalized root mean square of the velocity fluctuations 
in longitudinal and vertical directions ( )0 0,rms rmsU U W U  are plotted. We can 
first notice that the turbulence intensity of the longitudinal velocity is much 
higher than the turbulence intensity of the vertical velocity. This tendency shows 
the high degree of anisotropy between the two components. This could explain 
the better ability of the RSM model to simulate the wall jet flows compared to 
k-ε or k-ω models ([37] [43]). The RSM model accounts for the anisotropy of 
the Reynolds stress to a greater extent. 

At around 275 cmX = , where separation occurs, the longitudinal velocity 
component exhibits a high turbulence peak, which could be associated with the 
unsteadiness of the separation zone. 

3.2. Enclosure with a Perforated Plate 

This section presents the influence of the perforated plate on the mean airflow 
pattern and the turbulence intensity distribution in the enclosure. 

3.2.1. Overall Airflow Description 
A comparison of airflow patterns between the empty enclosure and the configu-
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rations with perforated plates of porosity 0.3φ =  or 0.5φ =  located at  
60.5 cmZ =  (top of the plate) is represented in Figures 5(a)-(c). The compar-

ison highlights the strong influence of the plate, whatever its porosity. 
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Figure 5. Comparison of the mean flow organization between configurations of empty enclosure and the three perforated 
plate cases: 60.5 cmZ = - 0.3φ = , 60.5 cmZ = - 0.5φ =  and 50.5 cmZ = - 0.5φ = . (a) Empty enclosure; (b) Perforated 
plate— 60.5 cmZ = - 0.3φ = ; (b1) 2D velocity vectors using Laser-Doppler measurements (100 points); (b2) Streamlines su-
perimposed with contour of longitudinal component of the velocity (U); (c) Perforated plate— 60.5 cmZ = - 0.5φ = ; (c1) 
2D velocity vectors using Laser-Doppler measurements (100 points); (c2) Streamlines superimposed with contour of lon-
gitudinal component of the velocity (U); (d) Perforated plate— 50.5 cmZ = - 0.5φ = ; (d1) 2D velocity vectors using La-
ser-Doppler measurements (100 points); (d2) Streamlines superimposed with contour of longitudinal component of the ve-
locity (U). 

 
Near the inlet slot, the jet behaves similarly for all configurations. The jet 

spreads out via a diffusion mechanism downstream from the jet nozzle inlet. At 
around  75 cmX = , the outer mixing layer of the jet starts interacting with the 
perforated plate. Downstream from this position the inner layer characterized by 
higher velocities interacts with the perforated plate at around 100 cmX = . This 
position can be considered where the jet flow starts interacting with the perfo-
rated plate. From this position, the jet flow is partly confined by the perforated 
plate, which strongly limits the vertical diffusion of the jet through the plate 
while reinforcing the horizontal flow. Consequently, the jet separation on the 
ceiling observed in an empty configuration is ultimately delayed, implying less 
curvature in the streamlines entering the whole enclosure. Moreover, the flow 
recirculation center is shifted further downstream towards the rear part of the 
enclosure. Nevertheless, no significant differences were seen in the flow struc-
ture relative to the perforated plate porosities. 

Figure 5(d) presents the flow pattern when the perforated plate of porosity 
0.5φ =  is positioned at 50.5 cmZ = . It is similar to the other configurations 

(with the plate positioned at 60.5 cmZ = ). The flow mainly circulates in the 
region located above the perforated plate. The main difference is the region 
where the jet reaches the perforated plate. The jet will first reach the perforated 
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plate positioned at 60.5 cmZ =  compared to that positioned at 50.5 cmZ =  
since the jet continues to spread until it reaches the perforated plate. 

3.2.2. Vertical Velocity Profiles 
Figure 6 depicts a comparison of vertical profiles of longitudinal mean velocity, 
along the enclosure, between the empty enclosure case and the three perforated 
plate cases. First, the cases where the plate was positioned at 60.5 cmZ =  (red 
curves) with two porosities 0.3 and 0.5 are discussed. 

In the first sections downstream from the inlet slot, similar wall jet behavior was 
observed for all cases (Figures 6(a)-(c)). The wall jet spreads out freely in the 
wall-normal direction towards the surrounding fluid. At around 100 cmX =  
(Figure 6(c)), where the jet meets the perforated plate, we noticed the first dis-
crepancies between the empty enclosure and the perforated plate configurations. 
A large part of the mass flow was blocked above the plate, resulting in a higher 
mass flow in this area compared to the empty case. The region above the plate 
behaves as a channel. The jet flow tended to evolve to a channel flow while exhi-
biting stronger gradients at the perforated plate interface than the empty case 
(Figures 6(d)-(f)). 

Figure 7 depicts the mass flow rate calculated in the section situated above the 
plate ( 60.5 cm, 0.5Z φ= = ) by integrating the mean velocity profile and assum-
ing that the flow is uniform in the transversal direction. The curve shows an in-
crease in the mass flow rate next to the jet entrance ( 100 cmX < ), correspond-
ing to the region where the jet has not yet reached the perforated plate. This in-
crease in the mass flow rate expresses the impact of the entrainment process in 
the mixing layer of the jet upon the surrounding fluid. In the region located be-
tween 100 cmX =  and 300 cmX = , the mass flow rate decreased slightly be-
fore showing a more substantial decrease in the region situated beyond  

300 cmX = . In the region located between 100 cmX =  and 300 cmX = , even 
if the flow showed a channeling effect, vertical diffusion (downward velocity) 
takes place through the perforations of the plate, leading to a decrease in the mass 
flow rate. Finally, the substantial decrease in the mass flow rate beyond  

300 cmX =  is explained by the enclosure’s geometry exit and the flow entrain-
ment from the rear part to the front part of the enclosure. 

At 275 cmX = , from the mass flow rate at this position 30.464 m suQ =  
(see Figure 7), one can deduce the bulk velocity 8.22 m su = . Given the hy-
draulic diameter in this section, 0.21 mhD = , the corresponding Reynolds num-
ber is 51.18 10D hRe uD ν= = × . This high Reynolds number suggests that the 
flow is turbulent in this section. Thus, the velocity profile of the boundary layer, 
when non-dimensionalized, evolves as the logarithmic profile:  

( )*1 lnU z z Cκ+ = × + , where U U uτ
+ = , wuτ τ ρ=  is called friction ve-

locity, wτ  is the wall shear stress, and 0.41κ =  is the Von Karman constant 
for a smooth wall. *z uτν=  and 5.4C = . *z  and C depend on the rough wall’s 
asperities (size, geometry). 

Figure 8 shows the velocity profile at 275 cmX =  for the perforated plate of  
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Figure 6. Effect of the perforated plate on the mean flow velocity profiles along the enclosure. (a) 5 cmX = ; (b) 75 cmX = ; (c) 

105 cmX = ; (d) 205 cmX = ; (e) 275 cmX = ; (f) 350 cmX = . 

 

https://doi.org/10.4236/ojfd.2022.121006


M. Diop et al. 
 

 

DOI: 10.4236/ojfd.2022.121006 110 Open Journal of Fluid Dynamics 
 

 
Figure 7. Mass flow rate (integration of the positive values of (U) in the section located 
above the plate ( 60.5 cm, 0.5Z φ≥ = ) along the enclosure. 

 

 
Figure 8. Linear U vs Z. (a) and semi-logarithmic U vs ( )ln z  (b) representations of the mean velocity profile above the perfo-

rated plate at section 275 cmX = . 
 

porosity 0.5φ =  (Figure 8(a)). It is superimposed with a semi-logarithmic re-
presentation of the velocity profile above the perforated plate: U versus ( )ln z  
where z is the distance from the upper surface of the plate (Figure 8(b)). It 
seems that the behavior near the plate ( 0 5 cmz< < ) is almost linear. This con-
firms that the profile corresponds to a fully developed turbulent boundary layer. 
Schlichting [44] states that the slope corresponds to the friction velocity:  
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wuτ τ ρ=  divided by the von Karman constant. In this manner, regression 
makes it possible to determine the wall shear stress wτ . 

For 275 cmX = , the regression ( 0.3 cm 5 cmz< < ) leads to 0.283 m suτ =  
and 0.10 Pawτ = . From uτ , it is also possible to estimate the characteristic dis-
tance *z uτν= . The thickness of the laminar sublayer ( *5z ) is thus about 0.2 
mm. Since the first measurement position is 3 mmz = , it is clear that we could 
not determine the velocity in the vicinity of the plate to estimate a slip velocity. 
The logarithmic profile should typically apply between *20z  and *200z , that 
is from 4 to 40 mm. 

Another way to estimate the shear stress is to consider the channel above the 
perforated plate to a rectangular duct. Thus, the shear stress is given by the fol-
lowing relation: 

21
2w aF uτ ρ=                          (6) 

where aF  is the Fanning friction factor and u  is the bulk velocity in the chan-
nel above the plate. 

The Reynolds number in section 275 cmX =  is 51.18 10D hRe uD ν= = × . 
For a smooth pipe at this Reynolds number, the Fanning friction factor based on 
the hydraulic diameter is 4.38 × 10−3, leading to an estimation of wall shear stress 
of 0.18 Pa. It appears that the wall shear stress on the perforated plate estimated 
from the slope of U versus ( )ln z  is about 55% lower than the wall shear stress 
on a smooth plate. This suggests that the perforations of the wall lead to a de-
crease in the wall shear stress compared to a smooth plain plate. In the present 
configuration, the shear flow at the plate level arises from two distinct contribu-
tions. On the one hand, the contact area with the air is lower for a perforated 
plate, decreasing the average shear stress. On the other hand, the perforations 
resemble roughness, and this tends to increase turbulence in the vicinity of the 
plate and the wall shear stress in accordance with results obtained by [45] [46] 
and [47]. For 275 cmX = , where the flow in the channel is well developed, al-
most parallel to the plate ( W U ), it seems that the first effect that promotes a 
reduction in wall shear stress is dominant. 

Below the plate, the area near the wall is characterized by low velocities (low 
Reynolds numbers) in comparison to the mean velocity above the plate. Conse-
quently, it can be expected that the flow will not be turbulent in this region. This 
leads to a wall shear stress lower than that on the upper wall of the perforated 
plate. 

The flow is blocked in the upper channel, which entails a lower mass flow rate 
in the lower channel. Consequently, a substantial velocity difference between the 
upper and the lower region relative to the plate’s position is noted as well as a 
shear stress jump (velocity gradient) (Figures 6(d)-(f)). This trend confirms pre-
vious low Reynolds number investigations of flow over a perforated plate/porous 
medium [9] [31]. 

In Figure 6, a slight difference between the two porosity cases (curves in red) 
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is seen when the jet flow interacts with the perforated plate. The flow velocity in 
the region above the plate is also lower for the higher porosity configuration. 
The vertical diffusion and the downward flow through the plate ( 0W < ), which 
are more straightforward in a plate with higher porosity, could explain this. 
Therefore, the flow rate above the plate decreases to a greater extent and takes 
place sooner. 

The case where the plate is placed at 50.5 cmZ =  (blue curves, Figure 6) is 
similar to the other configurations ( 60.5 cmZ = ) in the region located upstream 
from the position where the jet meets the plates. Downstream from this position, 
the velocity amplitude is lower above the plate since the section is more signifi-
cant for approximately the same mass flow rate. 

3.2.3. Turbulence Profiles 
Vertical profiles of the longitudinal turbulence (in terms of a percentage of 

0rmsU U ) are represented in Figure 9, where the empty enclosure and perfo-
rated plate configurations are compared. 

First, the cases where the plate was placed at 60.5 cmZ =  (red curves) are 
discussed for two porosities, 0.3 and 0.5. In the first sections, i.e., upstream from 
the position where the jet meets the plate ( 100 cmX < ), an agreement between 
the cases can be observed, particularly in the region above the plate. A turbu-
lence intensity peak is located in the mixing layer of the wall jet. This is in 
agreement with previous studies in the literature, where the position of the peak 
fluctuation is in the vicinity of the maximum value of the mean velocity gra-
dient. This characterizes the development and the diffusion of the wall jet. This 
latter is realized via the thickening of the mixing layer. Consequently, the turbu-
lence peak in the mixing layer thickens as we move in the longitudinal direction. 

Downstream the position where the jet meets the plate, the overall fluctuating 
velocity level in the perforated plates configuration is reduced, compared to the 
empty enclosure in both regions located above and below the plate. This trend 
can be attributed to the suppression of the mixing layer development due to the 
presence of the plate, which limits the downward diffusion of the jet, and con-
sequently develops as channel flow instead of jet flow. On the other hand, re-
ducing vertical diffusion also reduces streamwise variations of the longitudinal 
velocity of the jet in its upper part, which reduces the amount of spatial velocity 
gradients of U and, therefore, the amount of turbulence generation. A peak in 
the velocity fluctuations is noticed near the perforated plate, reflecting the high- 
velocity gradient resulting from the boundary layer development through this 
perforated plate. This trend has been reported in previous studies of turbulent 
flow over a permeable wall [45] [48]. 

We can also notice a decrease in the fluctuating velocity between the regions 
above and below the plate for 105 cmX > . For example, the turbulence level in 
the region above the plate at 205 cmX =  is about 7% compared with 4% below 
the plate. An initial explanation is that higher velocity magnitudes and gra-
dients are encountered above the plate, so higher turbulence generation. A second  
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Figure 9. Effect of the perforated plate on the velocity fluctuation profiles along the enclosure. (a) 5 cmX = ; (b) 75 cmX = ; (c) 

105 cmX = ; (d) 205 cmX = ; (e) 275 cmX = ; (f) 350 cmX =  
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explanation can be mentioned in the region where a downward flow occurs 
through the plate. On the one hand, flow through a perforated plate can generate 
turbulence; on the other hand, the perforated plate has a filtration effect on the 
turbulence. It acts as a threshold in the spectral space. Only eddies with a wave-
number more significant than those associated with holes can traverse the per-
forated plate [49] [50]. 

In the plain plate vicinity, the viscosity effect leads to a damping of all the 
fluctuating velocity components up to zero at the wall level. In the current mea-
surements, with the perforated plate, we could not verify such results. Measure-
ments were not possible near the plate due to the reflection of the laser beams on 
the wall. 

No significant differences could be seen between the two configurations with 
porosities of 0.3φ =  and 0.5φ = . 

In the case where the plate is positioned at 50.5 cm (blue curves, Figure 9), we 
also clearly observed the turbulence intensity increase in the vicinity of the plate 
and the change in the fluctuating velocity level at the plate position (between the 
upper and the lower part of the plate). Here again, the perforated plate exhibited 
its filtrating effects on the fluctuating velocity. 

3.2.4. Structure of the Flow at the Holes 
This section presents a more detailed investigation of the flow structure at the 
level of the holes. Figure 10(a) and Figure 10(b) depict the superimposition of 
streamlines with turbulent intensity contours (in terms of percent of 0rmsU U ) 
measured below the plate, along the holes, and along the plain plate in the lon-
gitudinal direction. These measurements were realized between 275 cmX =  and 

295 cmX = . The plain lines correspond to a 1D representation of the holes. 
Two situations arise from these representations. First, we noticed a downward 
flow developing as micro-jets through the holes, whereas we observed an upward 
flow along the plain plate. We saw the contribution of both the longitudinal and 
vertical velocity components. Just below the plate, between two successive holes, 
the velocity of the flow was approximately null (Figure 10(a)). 

Further away from the plate, we observed a broadening of the widths of the 
jets with decreasing amplitude of the velocity vectors. This suggests a progressive 
merging of the jets as we move away from the perforated plate. Therefore, high- 
velocity gradients are encountered on the lower side of the plate due to the merg-
ing jets mechanism and the wavy character of velocity profiles, implying a high 
shearing area and high turbulence intensity. This turbulence is associated with 
the penetration effects of turbulent eddies through the pores, as already men-
tioned in above sections. The turbulence experienced a rapid decay as we move 
away from the plate. 

Measurements along the wall show a different situation. The velocity vectors, 
as well as the streamlines, suggest ascending flow towards the wall. The flow ap-
peared to be sucked towards the wall. This may result from the development of 
the micro-jets. In fact, it is clear that a micro-jet entails the entrainment of the  
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Figure 10. Longitudinal airflow pattern measured below the perforated plate of porosity 0.5φ =  along the 
holes (a) and along the wall (b): field velocity vectors and superimposition of streamlines on turbulent intensity 
( 0 100rmsU U × ). (a) Along the holes; (b) Along the wall. 

 
surrounding fluid. Consequently, the flow between two adjacent holes will be 
subjected to an entrainment process, leading to an ascending flow towards the 
wall. However, since the micro-jets merge far from the wall, the flow along the 
wall will first exhibit ascending vector velocity, which will progressively become 
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null, as seen in Figure 10(b). In the present case, unlike measurements along the 
pores, the superimposition of streamlines with turbulent intensity did not show 
any meaningful level. This confirmed the origin assigned to the turbulence in 
Figure 10(a). 

Furthermore, we noticed a shift between the holes’ positions and the micro- 
jets positions. This could be attributed to the measurements being realized at a 
distance of 1.2 cm below the plate and to the fact that the flow is convective in 
the longitudinal direction. This shift was present in the measurements along the 
wall and the holes. 

Moreover, since the airflow pattern exhibited a recirculation extending through- 
out the entire enclosure (Figure 5), it is clear that the flow structure at the holes, 
as shown in Figure 10, is not identical everywhere. For example, in the vicinity 
of the jet entrance and around the exit of the enclosure, the flow traversing the 
perforated plate was more significant due to the jet entrainment process and the 
recirculation of the flow respectively. Velocity vectors near the entrance are oriented 
more vertically (in the direction of the positive Z-axis) than in the middle of the 
enclosure. 

3.2.5. Mean Velocity Evolution above and below the Perforated Plate 
along the Enclosure 

Figure 11 depicts the longitudinal profiles of the vertical velocity components 
measured at 2.5 cm above and below the perforated plate. We considered the 
perforated plate configurations with porosities of 0.3φ =  and 0.5φ = . 

We have shown in the previous sections that the flow is ascending in the front 
part of the enclosure and descending in the rear part of the enclosure (see Figure 
5, for example). In particular, in above sections, we deduced that the flow dif-
fuses in the downward direction between 275 cmX =  and 295 cmX =  
through the holes. In the same section, we also saw that the flow pattern is com-
plex downstream from the perforated plate, with ascending and descending flow  

 

 
Figure 11. Comparison of vertical mean velocity profile along the enclosure. The perforated plate is placed at 60.5 cmZ = . (a) 
Below the perforated plate (2.5 cm); (b) Above the perforated plate (2.5 cm). 
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areas. Therefore, the vertical velocity below and above the plate strongly depends 
on the exact measurement position in the rear part or the front part of the en-
closure, respectively, leading to “noisy” profiles. This is why we considered the 
vertical velocity component upstream from the perforated plate: 2.5 cm below 
the plate for 200 cmX <  and 2.5 cm above the plate for 200 cmX > . 

It can be seen in Figure 11(b) that velocity profiles measured above the plate 
in the rear part of the enclosure are similar for the two perforated plate porosi-
ties. We noticed a slight difference at the entrance region in Figure 11(a), which 
may be attributed to the entrainment process of the mixing layer of the jet. This 
entrainment process is affected by the perforated plate which behaves as an ob-
stacle. 

Knowing these shortcomings, we can deduce from these figures that, overall, 
the amplitude of the vertical velocity is lower for the perforated plate with a po-
rosity of 0.3φ =  compared with the perforated plate with a porosity of 0.5φ = . 
This is acceptable since the lower porosity obstructs the flow to a greater ex-
tent and is consequently associated with a lower mass flow transfer through the 
plate. 

Figure 12 presents the evolution of the longitudinal mean velocity measured 
2.5 cm above and 2.5 cm below the plate. The plates (top of the plates) were 
placed at two different positions 60.5 cmZ =  and 50.5 cmZ = , and had two 
different porosities, 0.5φ =  or 0.3φ = . 

Next to the jet entrance, measurements show negative longitudinal velocity 
above and below the plate. These negative values reflect the recirculation of the 
flow and the entrainment process of the surrounding fluid. These negative values 
are followed by positive longitudinal velocity reflecting the convection of the 
flow in the longitudinal direction. Comparison between Figure 12(a) and Fig-
ure 12(b) shows that, above the plates, the velocity is higher for the plate with 
lower porosity. This results from the nature of the plate with the lower porosity, 
which is more efficient in preventing the flow from diffusing from the upper 
channel to the region below the plate, leading to a higher mass flow rate in the 
upper channel. The progressive increase in the velocity is linked to the progres-
sive channeling of the flow along the upper channel. The flow enters the channel 
as a jet which diffuses throughout the entire section. The presence of the plate 
leads to a channeling effect exerted on the flow. The latter starts when the jet 
meets the plate at around 100 cmX =  and 175 cmX =  for the plates posi-
tioned at 60.5 cmZ =  and 60.5 cmZ = . Let us specify that the size of the en-
trainment process (negative U) refers to the distance at which the mixing layer 
of the jet starts interacting with the plate. In the current figures, measurements 
were realized at a distance of 2.5 cm above the plate and 2.5 cm below the plate. 
Consequently, the position at which the mixing layer starts interacting with the 
plate should be between 45 cmX =  and 75 cmX =  for the configuration shown 
in Figure 12(a). 

The positive velocity below the plate denotes the drift velocity as noted by  
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Figure 12. Velocity difference resulting from the presence of the perforated plate. (a) 0.5φ =  - 60.5 cmZ = ; (b) 0.3φ =  - 

60.5 cmZ = ; (c) 0.5φ =  - 50.5 cmZ = ; (d) 0.3φ =  - 50.5 cmZ = ; (e) (f) 0.5φ = . 
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[29], who states that a parallel shear flow on one side of an impermeable mem-
brane resulted in a slip velocity at the membrane level and a drift velocity paral-
lel to the membrane on the other side. The drift flow under the plate acts as a 
secondary wall jet entraining the surrounding fluid. Moreover, one can see from 
Figure 6(d) & Figure 6(e) that the drift velocity is strongly dependent on the 
porosity of the plate. A lower plate porosity, which is associated with a higher 
velocity in the region above the plate, leads to a lower drift velocity below the 
plate. The influence of the height of the section above the plate is more difficult 
to demonstrate. 

Let us now consider the velocity difference just above and below the perfo-
rated plate (at ±2.5 cm). As stated in above sections, velocity measurements 
down to the viscous sublayer of the plate are not available; therefore, this veloci-
ty difference cannot be considered as slip velocity. Nevertheless, one could ex-
pect that an empirical boundary law could apply to this velocity difference. At 
first sight from Figure 12, we were able to conclude that it was not possible to 
deduce a universal law expressing the relationship between the velocity differ-
ence introduced by the plate and the porosity and/or the height of the cross-sec- 
tion above the plate, which confirms the conclusion of Pozrikidis [31] for low 
Reynolds number flows. 

We utilized a wall jet diffusing vertically through a perforated plate in the 
present study. Moreover, the flow in the channel above the plate was not fully 
developed, which means that the flow configuration is strongly dependent on the 
longitudinal position. This is quite different from the configuration of flow over 
a porous wall described by [9], in which the flow in the clear medium was fully 
developed and was therefore dependent only on the height of the section and the 
characteristics of the lower permeable wall. 

Overall, we can say that, for the same mass flow rate at the inlet, the velocity 
difference between the upper and the lower parts of the plate increases when the 
porosity decreases. We can also conclude that it increases when the height of the 
cross-section above the plate decreases. It is also clear that the velocity difference 
is related to the interaction between the jet and the plate, as can be seen in Fig-
ure 12(e). In this figure, the plate positioned further from the jet inlet slot starts 
exhibiting a velocity difference at around 100 cmX = , whereas the closer one 
shows a velocity difference at around 50 cmX = . 

The velocity difference above/below the perforated plate is logically related to 
the shear stresses above/below the plate, which are related to the shear rates  
( d dU z ). Therefore, we estimated the velocity gradient at 2.5 cm above/below 
the plate using the velocity profiles at several longitudinal positions  
( 205 cm,275 cm,350 cm,379 cmX = ) for 0.5φ =  at 60.5 cmZ =  and  

50.5 cmZ = , presented in Figure 6. Figure 12(f) presents the difference in 
shear rates versus the velocity difference (2.5 cm above/below the plate). They 
seem to be somewhat correlated in the region where the flow behaves as a chan-
nel flow, suggesting a relationship of the type expressed in Equation (7). 
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( )( )  U U U U
z z

ξ φ + −

+ −

∂ ∂
− = −

∂ ∂
                  (7) 

where the proportionality coefficient depends on the plate porosity. 
In the configuration of a perforated plate with porosity 0.5φ =  positioned at  

60.5 cmZ =  and 50.5 cmZ = , the proportionality coefficient ( )ξ φ  could be 
estimated at about 0.84 m−1. 

Further investigation should be conducted to confirm the pertinence of such a 
correlation. 

3.3. Enclosure with a Perforated Plate and a Porous Medium 

This section considers the configuration with a macroscopic porous region com-
posed of a stack of spheres with a diameter of 3.75 cm (ping-pong balls). The 
porous bed was positioned in the region below the perforated plate  
( 60.5 cm, 0.5Z φ= = ), between 30 cmZ =  and 50 cmZ = . In Figure 13, we 
superimposed streamlines on the contours of the longitudinal mean velocity for 
the configuration with and without a porous zone. Firstly, we can notice that the 
flow recirculation below the plate is shifted in the front part of the enclosure for 
the configuration with a porous zone. The center of the recirculation is located at 
around 175 cmX =  in the presence of the porous medium and 275 cmX =  
without. These figures also showed that the longitudinal mean velocity in the re-
gion situated below the porous region was still negative, but its amplitude was 
lower than that without a porous medium. This indicates that the entrainment 
process in the mixing layer, which is responsible for the recirculation region, is  

 

 
Figure 13. Comparison of the mean airflow pattern between configurations of the enclosure with the perforated plate (PP) 
and the configuration in which the perforated plate is associated with the porous medium (PP-MP). (a) PP configura-
tion— 0.5φ = ; (b) PP-MP configuration— 0.5φ = . 
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attenuated by the presence of the porous region. 
The flow in the region below the macroscopic porous region is similar to that 

occurring in the region above the perforated plate. The flow is blocked in this 
region and behaves as a channel flow up to the enclosure’s entrance. In this re-
gion, the flow is entrained toward the jet mixing layer. This behavior could be 
responsible for shifting the center of the recirculation toward the front part of 
the enclosure compared to the perforated plate case. 

Figure 14 presents vertical profiles of the longitudinal mean velocity along the 
enclosure. Upstream from the position where the jet meets the perforated plate 
( 100 cmX = ), the velocity profiles for both configurations show similar beha-
vior. Downstream from this position, the amplitude of the mean velocity is re-
duced in the region situated above the perforated plate in the presence of the por-
ous medium. Correlatively, the backflow in the region situated below the porous 
medium is also reduced. This is due to the mass flow conservation in each sec-
tion. 

These results show that the perforated plate and the macroscopic porous re-
gion have comparable effects on the flow. Therefore, this confirms that the per-
forated plate can be modeled as a thin porous medium. This result could be of 
great importance for numerical modeling of configurations where clear regions 
are adjacent to porous medium/perforated surfaces, such as in refrigerated trucks. 

4. Conclusions 

In this study, we carried out experiments to investigate the lateral diffusion of a 
confined wall jet through a perforated plate set in a longitudinal direction. We 
used LDA for velocity measurements throughout the entire enclosure. The in-
fluence of the perforated plate on the airflow pattern, the mean velocity, and the 
fluctuating velocity concerning the empty enclosure case was studied. 

The airflow pattern was modified entirely compared to the empty enclosure 
configuration. The presence of the plate prevented the separation from the ceil-
ing that takes place in the empty enclosure configuration. 

The perforated plate acted on the fluctuating velocity as a filter to reduce its 
amplitude. This reduction arises from the suppression of the mixing layer de-
velopment, which is the region of turbulence production, and from the holes al-
lowing only small-scale turbulence eddies to pass through the perforated plate. 

The results also show that the plate reduces exchanges between the upper and 
the lower sides. This limits the jet diffusion through the plate, leading to a more 
substantial channeling effect of the flow in the upper side of the plate with a 
higher mass flow rate. 

Moreover, the results showed that the flow traverses the perforated plate as 
micro-jets that merge a short distance from the plate. The flow through the per-
forated plate is ascending near the entrance. In the middle of the enclosure, it is 
tangential to the plate. Finally, the flow descends towards the exit in the rear 
part. 
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Figure 14. Effects of the porous medium on the mean flow velocity profiles along the enclosure in comparison with the effects of 
the perforated plate of porosity 0.5φ =  placed at the position 60.5 cmZ = . (a) 5 cmX = ; (b) 75 cmX = ; (c) 105 cmX = ; 
(d) 205 cmX = ; (e) 275 cmX = ; (f) 350 cmX = . 
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Analysis of the velocity profiles near the perforated plate suggests that the 
perforations of the wall lead to a decrease in the wall shear stress by a factor of 
about 55% compared to a smooth plain plate. In the middle part of the enclo-
sure, where the flow behaves as channel flow, experimental results derive a rela-
tionship expressing a correlation between the difference in shear rates and veloc-
ity at the two sides of the plate. The proportionality coefficient in this relation-
ship depends on the perforated plate porosity and the height of the channel si-
tuated above the plate. It could also be inferred that this proportionality coeffi-
cient also depends on the perforations’ shape, as indicated in the literature. There- 
fore, the difference in the velocities above and below the plates could not be re-
lated using a universal formula function of the geometric parameters. However, 
further investigation should be conducted to confirm the pertinence of such a 
correlation. 

The case where a porous medium made of a stack of spheres is located under 
the perforated plate was also considered. The presence of the porous medium 
slightly decreased the velocities above the plate and the backflow under the por-
ous zone. It seems that it limited the entrainment phenomena of the incoming 
jet. 

Finally, the results from the two configurations of the perforated plate and the 
porous medium are similar, which entails that the perforated plate could be 
modeled as a thin porous medium. 
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