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Abstract— An experimental investigation of the thermal performance of a single rectangular slot jet
impinging on a copper foam flat plate was carried out. The copper foam was 10 mm thick, and 90% porosity
was used. Experiments have been performed at various Reynolds numbers from 5200 to 14000 and at
different slot-to-plate distances from 2 to 8. Results showed the most enhancement of local Nusselt number
appeared at copper foam flat plate compared to smooth flat plate. The effect of pore density on the local and
average Nusselt number of a copper foam flat plate with pore densities of 10 PPI and 40 PPI was studied.
The local and average Nusselt number of a copper foam flat plate with a pore density of 10 PPI exhibits a
higher augmentation than that of a copper foam flat plate with a pore density of 40 PPI. The effect of slot-
to-plate distance on local and average Nusselt numbers is studied. In the case of the smooth flat plate, the
local Nusselt number slightly rises as slot-to-plate distance increases. In the case of the copper foam flat
plate, the flow equally permeates the heat sink when the slot-to-plate distance increases. Flow deflection is
more substantial for metal foams with little slot-to-plate distance and a low pore density. However, the
augmentation in Reynolds number allows the flow to penetrate the porous medium more evenly.

Keywords— Jet impingement, A pore density of the copper foam, Unconfined slot jet, Local Nusselt
number, Copper foam.

employing suitable velocity and sufficient impact
distances to guarantee effective cooling. According to the
experimental data, the jet-to-surface distances of 4, 7, and

1. Introduction

Jet impingement cooling offers enormous heat transfer. As

a result, it works well for cooling electronic components,
drying textile goods, and cooling turbine blades. Many
academics have studied jet impingement by taking a flat
plate into account Issac et al. [5], Nirmalkumar et al. [12],
and Vinze et al. [16].

Joshi and Sahu [6] investigated the influence of elliptical
and circular nozzles of identical equivalent diameters
impinging over flat and curved surfaces. They studied
Reynolds numbers ranging from 11,250 to 22,500, jet-to-
surface spacing of 1 to 6, and different aspect ratios of
nozzles 1 to 4. They compared the thermal behavior of
concave and flat surfaces. They found that with an increase
in the aspect ratio of the nozzle from 1 to 4, the largest
improvement in the stagnation Nusselt number was
identified on both flat and curved surfaces. Diop et al. [18]
investigated the enhancement of the heat transfer
coefficient of the target surface under jet impingement

9 at a velocity of 15 m/s had the maximum rate of heat
transfer when compared to other values. Dhruw et al. [10]
experimentally studied the heat transfer characteristics
between a target surface and a circular jet impingement.
They studied jet-to-surface distances of 3-20 d, with
Reynolds numbers ranging from 10,000 to 45,000 for the
region range of 0 <r/d < 44. They showed that an accurate
understanding of the jet's cooling phenomenon at any point
over the plate may be obtained from the combined heat
transfer analysis of both local and area averages. It was
observed that the Nusselt number increases at various
locations as the mass flow rate increases.

Conventional heat sinks are no longer suitable for going to
waste the generated heat necessitating the development of
creative solutions to the expanding thermal management
issues. Due to the significant heat transfer potential from
combining two cooling technologies, heat transfer by jet
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Figure 1: Schematic representation of the experimental
test

Impingement and open-cell metal foams has recently
drawn attention. The porous media were used in many
researches by Hussain and Saleh [4], Karamallah et al. [1],
Amori and Khalaf [8], Ali [11], Mohammed [2], and Ali
and Ghashim [15].

Yakkatelli et al. [17] studied the porosity of foam, jet-to-
plate distance, and Reynolds number using visualization of
smoke-wire flow. They found that the jet-to-surface
distance had a major impact on the flow dynamics. With a
reduced jet-to-surface distance, the flow is significantly
deflected due to the ligature structure's impact velocity. An
increased nozzle-to-surface distance leads to a lower
impact velocity at the foam's upper surface, allowing more
flow to enter the heat sink more evenly. Additionally, it
was shown that the flow enters the porous material more
evenly when the laminar to turbulent jet's Reynolds
number is increased, which decreases the recirculation
region at the foam exit. Shih et al. [19] examined the metal
foam heat sinks' restricted flow outlets under jet-impinging
flow circumstances. By controlling the height of the metal
foam sink's flow outlet, an annular mask of restricting flow
forces cooling air to reach the generation heat surface.
They used the flow restricting masks to enhance the heat
transfer of heat sinks. Singh et al. [13] experimentally
investigated the heat transfer characteristics of a copper
foam flat plate under a circular jet impingement. They used
a thickness of copper foam of 4 mm and 6 mm at a porosity
of 90 % and a density of pore 10 PPI. They studied
different nozzle-to-plate distances at Reynolds number
23000. The results showed that thermal performance had
increased in the wall jet zone of the plate with thin metal
foam than in a plate with thick metal foam. Yogi et al. [9]
studied the characteristics of heat transfer of an impinging
jet on an aluminum foam flat plate. Experiments were
performed on Reynolds numbers ranging from 5200 to
12,000 and slot-to-plate spacing (z/b = 2—10). Aluminum
foam has a porosity of 92%, a thickness of 8mm, and a
density of pores of 10, 20, and 40 PPI. They observed that
the Nusselt number of an aluminum foam flat plate with a
pore density of 10 PPI is higher than that of an aluminum
foam flat plate with a pore density of 20 PPI and 40 PPI.

The study aims to experimentally examine the local and
average Nusselt number under jet-impinging conditions on
a copper foam flat plate. The investigation studied pore
density, slot-to-plate distance, and Reynolds number. The
primary goal was to determine the pore density of copper
foam that achieves the highest heat transfer rates.

2. Experimental Investigation
2.1  Experimental setup

The schematic diagram of the present experimental setup
is shown in Figure (1). Airflow was received from a
compressor. A gate valve was fitted downstream of the
compressor to control the airflow rate and provide the
desired Reynolds number. The nozzle was fed a constant
air flow rate using a Glass Tube Rotameter air flowmeter
ranging from 0-120 m3/hour. A polyurethane tube with a
12 mm diameter and 2 mm thickness between the
compressor and flow meter and the flow meter and nozzle
was used as a connection. A nozzle is a rectangular slot of
150 mm length (Ls) and 6.4 mm width (b), and it was
created through a 3D printer. The aspect ratio of the nozzle
cross-section (about 24) was maintained as reported by
[12]. A fully developed flow requires an upstream length
25 times larger than the hydraulic diameter at the nozzle's
exit as reported by [12, 9]. The assembly of the target plate
is shown in Figure (2). The dimensions of 200 mm x 100
mm and a 3 mm thick aluminum plate served as the
impinging target heated surface. A resistive cartridge
heater measuring 10 mm in diameter and 200 mm in length
was mounted inside an aluminum plate to create a hot plate
(heat source). At maximum load, this heater produces
almost 300 W of heat. The heater receives AC from the
voltage regulator. Clamp meters with a range and accuracy
of 0 to 2000 + 0.5% A are used to measure currents. A
ceramic fiber board (10 mm thick) is affixed to the face
bottom of the heated plate to reduce heat losses. Five
Chrome-Alumel (K-type) thermocouples are positioned on
the backside of the base flat plate (opposite to the
impinging nozzle) at 20 mm pitch starting from the
stagnation point towards the ends (with a stream wise
direction) to measure the temperature of the target plate.
As a result, the local wall temperature measured on the
front or impingement side is regarded as equal to that
recorded on the rear surface. Three thermocouples are
positioned (with span wise direction) used to measure
heater temperature and three to measure the temperature of
the air jet at the outlet of the nozzle. The thermocouples
underwent calibration before being installed. The
temperature is measured using a digital thermometer (12
channels with memory card; model: BTM-4208SD,
Lutron Company, Taiwan). A calibrated hot wire
anemometer (Yk-2005AH model, serial number Q634196,
Lutron Company) was positioned immediately after the jet
exit and in the middle of the nozzle to monitor the airflow
velocity. The transverse system is used to set the impinging
surface. It is ensured that the impingement surface is
perpendicular to the jet axis and is approximately
geometrically centered with a jet axis. The tests were
conducted for slot-to-plate distances (z/b) of 2, 4, 6, and 8.
Figure (3) shows that the entire nozzle body and the target
surface are kept over a table and oriented according to a
guide so they can be easily moved for different slot-to-
plate distances. Figure (4) illustrates the two types of
copper foam (10 and 40 PPI) employed in this
investigation. Copper foam is applied to the aluminum flat
plate using a thermal paste.
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Figure 4: Photograph of the types of copper foam that are
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2.2 Data Reduction
A slot jet Reynolds number is determined by
Re=£2=1 )

At the jet exit temperature Tj, all air qualities are assessed.
The target surface temperature is calculated by taking the
average of five spots on the surface that thermocouples
recorded during the experiment. Applying electric heat
flux causes the aluminum plate to generate volumetric
heat. The jet fluid will convert the heat applied to the plate,
and radiation and natural convection will cause some heat
to escape into the surrounding air. As a result, the energy
balance over the plate is represented as

Qioss = Grad T Qnat (@)
VI

Qjoule = 2 (3)

Geconv = Qjoule — Qloss 4

Q10ss 1s heat loss from the hot plate which is neglected in
this work.

The forced convective heat transfer coefficient may be
found using

dconv (5)

T (Tw-T)p

Nusselt number is obtained by

hb

Nu = 2= (6)
— hb
= Kair (7)

2.3 Uncertainty Analysis

Analyzing uncertainty for temperature, mass, time, and
length were all measured directly [15]. The gadget
manufacturers made faults that led to uncertainty in these
data. There were inaccuracies of = in the voltage, current,
width, and length of + 0.01 V, 0.01 A, 0.0005 m, and
0.0005m, respectively. The temperature reading error of
the thermocouple was + (0.05) °C. Utilizing uncertainty
analysis, Reynolds and Nusselt numbers were determined.
The estimation of uncertainty related to systematic error
and random error was assessed [7] recommended
methodology. The source of the uncertainty is:

OR OR OR
é‘R—a—xldxl +a—xz§x2+---+a6xn (8)

1

Wy = [(:—;WI)Z + (;TR;WZ)Z 4ot ("’_le)z]z ©9)

Oxn

As an illustration
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The local Nusselt number depends on the number of

parameters, which are all susceptible to uncertainty:
Nu=F (Vo, 1, b, As, AT, »,)
Where; AT, , =T, — Tj

The uncertainty can be given as follows;

Wy, = [(aNux . WVO)Z + (azvux . Wz)z 4 (azvux . Wb)2 N

avo al aob
1
(2, ) o (2w, ) | (10)
Or,

1

R R RICORICN
(11

The Reynolds and Nusselt numbers have respective
uncertainties of 13% and 3.98%.

Wiy — (WVO)
Nu Vo

3. Numerical Investigation

Numerical simulation was used to evaluate the temperature
distribution on the impingement surface and estimate heat
transfer coefficients. The finite-element program ANSYS
Fluent 2021R1 was used to run the simulation. Figure (5)
displays the study's solution domain and boundary
conditions. The boundary conditions are the entrainment
zone (the pressure outlet) and the nozzle exit (the velocity
inlet). Better mesh quality was achieved using a 3D
structured grid to mesh the solution domain. In the three-
dimensional model, spacing 1 gave 8400000 elements and
8853139 nodes. The cell type was a hexahedral cell model.
After reaching a successful mesh, the models were
exported to fluent for setup and analysis processes. The
RANS-based standard k—e equation model provides strong
and acceptable accuracy for the chosen solution domain as
the model for the turbulence. The trials used a 50 W power
supply from an AC power source, and the average value
was determined by measuring the temperature using
thermocouples once a steady state was reached. Likewise,
the cartridge heater's volumetric heat generation was
assumed during the simulations. Temperatures were
determined by obtaining the area-weighted average on the
surface of a flat plate. It is found that there is an agreement
between the average temperatures on the impinging
surface determined by numerical simulations and
experiments.

Pressure Outlet Heated Flat Plate

Nozzle Exit

Symmetry

Figure 5: Domain of numerical simulation with boundary
conditions

The Navier-Stoke equations (RANS), which are stated as
follows, need to be solved in the numerical simulations of

[4]:

d(puy
axl- - (12)
dwu_ _op o[ (ow 0w\ oy
puj ox;j - dx; + ox;j [ <6x]- + 6x]-> puiuj] (13)
or _ 0 |wor o
puj axj - ax,- Pr 6xj 'DT uj] (14)

The terms —pu;u; and pT'y; in the Eq. (13) and Eq. (14)
represent the Reynolds stress term and specific turbulent
heat flux respectively.

The k-€ turbulence model has reported more accurate
findings for heat transfer by jet impingement with less
computing work. It included two transport equations: one
for the turbulent kinetic energy (k) and another for the
turbulent dissipation rate (€) [14];

2 _ 0 (mok oup | o) s _
6xi (pulk) - axi( )+ﬂt( + 6xi> 6x]- pe (15)

Ok axi 6x]-

2 pue) =2 ﬁﬁ) S T ET
axi(pute)_axi( +C1<—:k#t<a + )

O¢ 6xi x]- 6xi ax]-

EZ
Czep S (16)

The turbulent eddy viscosity is then related to k and € by
2

the expression u, = C,p k? . The

coefficients Cy, Ci¢) Cae, 0k, 0 are constants that have the

following empirically derived values; C, = 0.09, Cie =
144, C2e=1.92,0rk=1.0,0:=1.3

The governing equations of metal foam include [15]:
Continuity equation

(pup) _
=0 (17)

Momentum equation
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2oun) _ _gop | 0 ou ) _
6Xi - axi + 6x]- <(M + #t) (6}(]' + axi
K pC
B (B +2E lulu,) (18)

The energy equation for the model of local thermal
equilibrium:

a(pCpu;T) i(a_r)
ﬁ 6x]- - keffax] an (19)

4. Results and Discussion

Measurements of the Nusselt number on a copper foam flat
plate impinging an unconfined slot air jet are made through
experiments. Foams made of copper metal with a thickness
of 10 mm and pore densities of 10 and 40 PPI at 90%
porosity are utilized. The slot-to-plate distance (z/b =2, 4,
6, and 8) and Reynolds number (Re = 5200, 9600, and
14,000) are the parameters that are studied.

4.1 Verification of the experimental methodology

The results obtained from experimental data are validated
with CFD simulations data to determine the heat transfer
characteristics and the behavior of jet impingement on a
copper foam flat plate with a pore density of 10 PPI at z/b
= 2 and Re = 5200. Figure (6) compares the local Nusselt
number of the target plate for the computational and
experimental results. The graphic illustrates how well the
numerical data match the experimental data. Figure (7)
displays the average Nusselt number deviation for various
slot-to-plate distances. The maximum difference between
the experimental and numerical results of the local and

average Nusselt numbers are 3.12% and 4.17%,
respectively.
—=o— Numerical Study
experimental Study
500
400
N 300
U 500
100
10 -8 -6 -4 2 0 2 4 6 8 10
x/b

Figure 6: Comparison between the experimental and
numerical results of the local Nusselt number distribution
(copper foam flat plate of the density of pore of 10 PPI at

z/b=2 and Re=5200).
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Figure 7: Comparison between the experimental and
numerical results of the average Nusselt numbers of
copper foam flat plate of the density of pore of 10 PPI
with different Reynolds numbers and slot-to-plate
distance of 2.

4.2 The local Nusselt number (Nu)

The effects of increasing the Reynolds number on the local
Nusselt number of a jet impinging on a smooth flat plate
and a copper foam flat plate with a pore density of 10 and
40 PPI at a distance of z/b =2 are depicted in Figures (8a—
c). Results illustrated that the local Nusselt number
enhancement was higher at a copper foam flat plate than at
a smooth flat plate. Similar observations are reported by
[8] and [9]. In the stagnation point, the local Nusselt
number of a copper foam flat plate was higher compared
to the smooth flat plate irrespective of the pore density.
Because a small amount of the air jet that cannot pass
through the metal foam is bypassed from the top surface of
the metal foam when an air jet impinges on the top of the
metal foamed flat plate (due to direct impingement on the
metal foam ligaments at the top surface of the foam). After
passing through the metal foam, the remaining jet fluid
strikes the intended surface. The metal foam's porous
nature causes the entering jet fluid to split into several
micro jets [3]. Compared to a smooth flat plate, the
stagnation Nusselt number of the copper foam flat plate
may increase due to this array of micro-jets at the
stagnation zone. The local Nusselt number is highest in the
stagnation region and decreases in the stream wise
direction. In experiments, the local Nusselt number grows
as the Reynolds number increases. Because the jet's
growing momentum as the Reynolds number rises leads to
an enhancement in forced convection heat transfer, the
flow greatly influences the convective heat transfer of the
target plate. An increasing amount of heat transfer on the
target plate is provided by flow. Jets are, however, more
widely dispersed with the flow if the flow rate is increased
excessively. Therefore, convective heat transfer is
increased by the jet impingement. In most cases, the peak
local Nusselt number was attained at a pore density of 10
local Nusselt number was attained at a pore density of 10
PPI. In contrast, the pore density of 40 PPI produced the
lowest local Nusselt values. It was shown that when the
density of pores decreased, the local Nusselt number of a
copper foam flat plate increased.
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Figure 8: Variation of local Nusselt number on a smooth
flat plate and copper foam flat plate for various Reynolds
numbers at a slot-to-plate distance of 2.

4.3  Effect of slot-to-plate distance on local Nusselt
number

Figures (9a—c) illustrate the influence of an increment in
slot-to-plate distance from 2 to 8 at Reynolds number 9600
on the local Nusselt numbers of (10 and 40 PPI) copper
foam flat plate and smooth flat plate. According to Figure
(9a), there was a small increase in the local Nusselt number
of the smooth flat plate with each increment of the slot-to-
plate distance. The local Nusselt number of the copper
foam flat plate with a pore density of 10 and 40 PPI is
found to be more significant, as Figures (9b—c) show. It is
found that a peak higher local Nusselt number was
achieved at a slot-to-plate distance of 2. For a slot-to-plate
distance of 4, 6, and 8, the curve lines of the local Nusselt
number overlapped. This increased slot-to-plate distance
allowed more evenly distributed flow to penetrate the
porous media.

Figure 9: Influence of the distance between slot and plate
on the local Nusselt number for copper foam flat plate
and smooth flat plate at Re=9600.

4.4  The average Nusselt number (W)

The variation of the average Nusselt numbers of copper
foam flat plate and smooth flat plate with slot-to-plate
distance for all the Reynolds numbers studied is seen in
Figures (10a—c). For both a copper foam flat plate and a
smooth flat plate, it has been found that average Nusselt
numbers rise as Reynolds numbers increase. The average
Nusselt number of a copper foam flat plate is higher than
that of a smooth flat plate. At Re=5200 and z/b=2, results
showed the average Nusselt number of a copper foam flat
plate with 10 and 40 PPI enhanced by 73% and 72%,
respectively compared to a smooth flat plate. A slot-to-
plate distance had little effect on the average Nusselt
numbers for all Reynolds numbers. However, the slot-to-
plate distance of 2 impacted the average Nusselt numbers
with all Reynolds numbers in this study.



Dhafar Fadhil and Sajida Lafta / Association of Arab Universities Journal of Engineering Sciences (2025) 32 (1):1-9 7

Re=5200
it 10 PPI 40 PPI —m— smooth
150
100 —
Nu
50
[} u u |
0
0 2 4 6 8 10
z/b
(a)
Re=9600
—i— 10 PPI 40 PPI —8— smooth
200
150 —
Nu 100
50
[ i i |
0
0 2 4 6 8 10
z/b
(b)
Re=14000
b= 10 PPI 40 PPI —&— smooth
300
___ 200 f— A
Nu
100
B i i |
0
0 2 4 6 8 10
z/b
()

Figure 10: Influence of the pore density on the average
Nusselt numbers on the smooth flat plate and copper
foam flat plate a) Re=5200, b)Re=9600, c)Re=14000.

5. Conclusion

The thermal characteristics of the copper foam flat plate
and the smooth flat plate under the impinging jet were
investigated experimentally. The effect of the density of
pore of copper foam, slot-to-plate distance, and Reynolds
number was investigated. The following is a summary of
the study's highlights:

e Comparisons between the results of a copper
foam flat plate and a smooth flat plate confirm
that the copper foam structures enhance the local
Nusselt number.

e The copper foam flat plate with a pore density of
10 PPI has a higher Nusselt number and heat

transfer rate compared to the copper flat plate
with a pore density of 40 PPI.

e The current investigation has demonstrated that
using copper foams significantly impacts the
local and average Nusselt numbers.
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Nomenclature

A Surface area (m?)

b Width of the slot (m)

Dhn Hydraulic equivalent diameter (m)

h Coefficient of convective heat transfer
(W/m?K)

I Supplied current (A)

Kair Air thermal conductivity (W/m K)

Ls The slot length (m)

L The length of the flat plate (m)

Lt Length of foam (m)

m Mass flow rate (kg/s)

Nu Local Nusselt number based on the width
of the slot

Nu Average Nusselt number based on the

width of the slot

Gjoule Supplied heat flux, (W/m?)

Qloss Total heat flux loss from target surface
(W/m?)

Qrad Radiation heat loss from the front surface
of the impingement plate (W/m?)

q nat Heat loss by natural convection from the
back surface of the impingement plate
(W/m?)

Re Reynolds number

Tiet Air jet temperature (°C)

Tw Surface temperature (°C)

Tamb Ambient temperature (°C)

tr Foam thickness (m)

tp Thickness of the base plate (m)

\% Voltage (V)

v Nozzle exit velocity (m /s)

w Flat plate width (m)

Wi Width of foam (m)

X Stream wise distance (m)

x/b non-dimensional stream wise distance

y Span wise direction (m)

z Slot-to-plate distance (m)

z/b non-dimensional slot-to-plate distance

Greek symbols
1] viscosity of air (Pa s)
P density of air (kg/m?)
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