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A B S T R A C T

A confined slot jet impinging into an open trapezoidal cavity containing a porous layer is investigated. To make
the study accounts for a practical problem, constant heat flux is applied at the bottom of the cavity which is
covered by a thin porous layer subjected to a cold impingement air jet. Darcy-Forchheimer model is used for the
porous layer and its porosity range was taken to ensure thermal equilibrium between the fluid and the porous
matrix. Finite element method is adopted for the numerical solution. Results show that the best thickness of the
porous layer should be as minimal as possible, where increasing the porous layer thickness from 0.1 to 0.3
reduces the average Nusselt number by 17% when Darcy number is 10−3. It is found also that the trapezoidal
cavity serves in attaining the fully developed condition early.

1. Introduction

The method of jet impingement cooling has been extensively em-
ployed for a wide range of industrial and engineering applications due
to its potential for efficient heat transfer capability. These applications
include for example cooling of turbine blades, electronic equipment,
solar collectors, textile industry, metals cooling, anti-icing and glass
tempering etc., [1–4]. The important feature of utilizing impinging jets
allows achieving highly localized heat and mass transfer rates attrib-
uted to thin boundary layers near the surface. Many investigations have
been carried out to explore the characteristics of jet impingement to
improve its heat and mass transfer capacity [1–8]. From the literature,
it is revealed that the porous medium in the jet modeling may improve
the heat transfer rate efficiently due to high thermal conductivity, for
instance as in alumina foam [9]. It is evident that the high heat flux
induces buoyancy flow opposing mixed convection in the jet flow which
brings adverse effect on the thermal management. Thus, it is worth to
consider the effect of induced buoyancy in the design of an efficient
cooling system through impingement jet of high heat flux device and
the mixed convection behavior should be understood. Other numerous
attempts to enhance the performance of impingement jets include the
use of nanoparticles, pulsatile inlet velocity and implementing vortex

generators. Several experimental and computational endeavors have
been performed for the analysis of jet impingement cooling for the
improved performance.

The pioneering work on the two-dimensional impinging jets was
considered by Gardon and Akfirat [10] for lower Re and experimentally
measured the local and averaged heat transfer rates. Sparrow and Wong
[11] performed the experiments with jets those were laminar at the
duct exit from inlet and the heat transfer coefficients of a slot jet were
evaluated by the naphthalene sublimation approach. Fu and Huang
[12] performed numerical inspection on the convection heat transfer
impinging slot jet on a porous block mounted on heated region. Three
various types of porous shape blocks (convex, concave and rectangular)
were tested and noted that the heat transfer for a lower porous block is
improved by all shape geometries, however, for block with higher
porosity, heat transfer was only improved by the concave shaped block.
Chen et al. [13] experimentally and computationally evaluated the
mass transfer for higher Schmidt number to a line electrode in laminar
two-dimensional impinging slot-jet. A numerical analysis for steady and
transitory regime in a two-dimensional impinging slot jet on an iso-
thermal plate was performed by Chiriac and Ortega [14]. The finite-
difference approach was employed for the computational analysis. A
mixed convection for the impingement jet cooling of horizontally
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heated part immersed with porous medium is numerically explored by
Saeid and Mohamad [15]. The direction of the jet was located per-
pendicular from the top of the uniformly heated target and thus the
induced buoyancy and the external flow are in opposite directions. This
analysis was carried out for local thermal equilibrium (LTE) and Darcy
model. It was recorded that the Nuavg grows by increasing either the Ra
or width of jet for high values of Pe.

Shih et al. [16] inspected experimentally the characteristics of an
impinging-jet where the flow exits were controlled using an annular
flow-restricting mask. Impact of various parameters such as air velocity,
pore density, porosity, and outlet height was studied and determined
that the impact of the outlet height is dominant as compared of the
other parameters like, porosity, pore density, or height of the heat sinks.
An impingement cooling for the partially heated surface was explored
in [17,18]. The steady state analysis was performed under the local
thermal equilibrium condition. It was demonstrated that the Nuavg de-
creases with an augmentation in Da for the non-Darcy regime for low
range of Pe and for higher Pe, the Nuavg grows with an augmentation in
Da for the non-Darcy regime.

Sivasamy et al. [19,20] numerically examined the mixed convection
of horizontally heated jet impingement cooling subject to the confined
porous channel for the LTE assumption. The governing equations were
formulated and solved in the stream function-vorticity form. This study
revealed that the Nuavg augments with an enhancement in either

modified Ga or jet width for higher Re. Moreover, it also augments by
reducing the distance between the jet and the hot wall. Sivasamy et al.
[21] in another study investigated numerically the two-dimensional
impinging cooling of slot jet porous medium considering the Darcy
model and LTE condition. Lam and Prakash [22] carried out the nu-
merical investigation for the thermal management and entropy gen-
eration of an impinging jet with and without a porous layer. The local
thermal equilibrium and generalized Darcy–Forchheimer–Brinkman
model were considered. Therein, it was observed the optimum config-
uration for efficient heat transfer and minimized entropy generation.
Saeid [23] evaluated the jet impingement cooling of a heated metal
rectangular block in a saturated porous media. The analysis was per-
formed under the LTE assumption by considering Darcy flow and
buoyancy effect. It was demonstrated that jets with porous material of
high thermal conductivity and porosity, improves the heat removal
from heated surfaces substantially.

Jeng and Tzeng [9] simulated the impingement cooling of slot jet
immersed with porous aluminum foam heat sink under the assumption
of LTNE conditions. The slot-jet was positioned above the channel and
the air was allowed to blow with uniform velocity for impinging
cooling. The lower wall was heated isothermally while the upper one
was kept adiabatic. Saeid [24] scrutinized the analysis on an impinging
jet interacted with cross flow on a partially heated surface saturated in a
thermally non equilibrium porous layer. This investigation was

Nomenclature

Gr Grashof number
H Channel height (m)
Hc Height of the cavity (m)
Hp thickness of the porous layer (m)
K Permeability (m2)
Da Darcy number
k Thermal conductivity (Wm−1 K−1)
L Channel length (m)
Nu Local Nusselt number
Nuavg Average Nusselt number
Nuravg Normalized Nusselt number
P Dimensionless pressure
p Pressure (N/m2)
Pr Prandtl number
Re Reynolds number
T Temperature (°C)
U Dimensionless velocity component in X-direction
u Velocity component in x-direction (ms−1)
V Dimensionless velocity component in Y-direction
v Velocity component in y-direction (ms−1)
Vj Jet velocity
w Width of the jet (m)

X Dimensionless coordinate in horizontal direction
x Cartesian coordinate in the horizontal direction (m)
Y Dimensionless coordinate in vertical direction
y Cartesian coordinate in the vertical direction (m)

Greek symbols

θ Dimensionless temperature
α Thermal diffusivity (m2s−1)
λ Angle of the cavity sidewalls (degree)
ϵ Porosity
Ψ Dimensionless stream function
β Thermal expansion coefficient (K−1)
μ Dynamic viscosity (kgm−1 s−1)
ρ Density (kgm−3)

Subscripts

c Cold
f fluid
h Hot
j Jet
p porous
eff effective

Fig. 1. Schematic of the physical problem.
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performed for a steady, two-dimensional confined slot jet subject to the
Darcy model. Some more studies based on the assumption of LTNE can
be found in [25–30].

The aim of present investigation is to explore the phenomena of
mixed convection on the impinging jet into open trapezoidal cavity
subjected to the porous layer. The momentum balance within the
porous layer is governed by Darcy-Forchheimer model. LTE condition is
assumed while modeling the energy conservation. The non-dimensional
form of the governing equations will be computed using the higher
order and stable finite element method. Finally, the findings of the
numerical study will be discussed with the help of streamlines and the
evaluated isothermal temperature distribution. Jet impinging on a
series of pin fins is a common application of the present problem. The
group of pin fins can be treated as a porous medium. This arrangement
is a growing technique utilized in cooling the central processing units of
personal computers.

2. Problem formulation

The current problem demonstrates air forced downward with inlet
velocity of Vj into a porous layer contained in a trapezoidal cavity. The
cavity is confined by a straight channel as shown in Fig. 1. The porous
layer is heated by constant heat flux from blow. The inlet air quantity is
discharged from the horizontal left and right sides. The momentum
balance within the porous layer is governed by Darcy-Forchheimer
model. The porosity is kept within the range ϵ = 0.5–0.75, therefore
the thermal equilibrium between the air and the solid matrix is plau-
sible for the energy balance [25]. In general, the flow is taken laminar
and incompressible and the fluid is Newtonian. The Buoyancy force,
based on Boussinesq approximation, is taken into consideration as it
opposite to the momentum of the impinging jet. The dimensional
governing equations can be written as:
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For Porous Layer:
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where ρ is the fluid density, μ is the dynamic viscosity, α is the thermal
diffusivity, ϵ and K are the porosity and permeability of the porous
media, respectively. CF, is the drag coefficient of the Darcy-Forchheimer
approximation. The subscripts f, p, eff stand for fluid, porous, effective,
respectively.

The appropriate boundary conditions are:
At inlet: u = 0, v = -Vj, T = Tc
At outlets: ∂u/∂x = 0, ∂T/∂x = 0, p = 0
At solid walls: u = v = 0
At the heater: =q k" T

y , otherwise ∂T/∂n = 0
To study more than one parameter easily, the problem is trans-

formed to non-dimensional form using the following parameters;
= = = =X Y W U V P( , , ) , ( , ) , ,x y w
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As such, the governing equations can be re-casted as following:
For Fluid Region:

+ =
U
X

V
Y

0f f
(9)

Table 1
Grid convergence study for the average Nusselt number for Gr = 105,
Da = 10−3, ϵ = 0.75 and Hp = 0.1.

Grid NEL DOFs Re = 100 Re = 500

G1 455 1324 5.5158155262 12.8818342273
G2 762 2132 5.4374613509 12.7142387435
G3 1140 3044 5.3947959940 12.6808899616
G4 2100 5328 5.5271923868 13.6773155300
G5 3199 5328 5.5258527544 13.9497762318
G6 5198 12,184 5.5615959186 14.4655486491
G7 14,227 32,232 5.5903775573 14.7476571795
G8 37,291 81,860 5.5971229431 14.8686312037

Fig. 2. Mesh grids of symmetric domain.

Table 2
Comparison of average Nusselt number with Gibanov et al.
[33] for Ri = 1, Da = 10−3, Pr = 6.26, Re = 100,
ε = 0.398, Λ = A = 1.2042, δ = H/L = 0.3,
S1 = S2 = 0.75 L.

Present study Gibanov et al. [33]

12.57879 12.5335
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For porous layer:
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Fig. 3. Comparison of streamlines (above) and isotherms (below) with Gibanov et al. [31] for Ri = 1, Da=10−3, Pr= 6.26, Re=100, ϵ = 0.398, Λ =A= 1.2042,
δ = H/L = 0.3, S1 = S2 = 0.75 L.

Table 3
Comparison with experimental results of Gardon and Akfirat [10].

Zn/B 3 5 7 10 13 15

ReB = 450 Numerical results (present) 12.607 13.106 12.583 11.126 8.498 7.826
Experimental results, Gardon and Akfirat [10] 14 13.9 12.2 10.59 8.8 8.58
Percentage Error 10% 6% 3% 5% 3% 9%

ReB = 650 Numerical results (present) 15.36 16.565 15.387 12.349 9.7518 9.209
Experimental results, Gardon and Akfirat [10] 15.88 15.88 14 12.3 11.4 11.35
Percentage Error 3% 4% 10% 0.4% 14% 19%
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Fig. 4. Graphical view of the comparison with experimental results of Gardon
and Akfirat [10].

Table 4
Parameters of the present study.

Parameter Range

Reynolds number, Re 100–500
Darcy number, Da 10−6–10−2

Porous layer thickness, Hp 0.1–0.3
Porosity, ϵ 0.5–0.75
Prandtl number, Pr 0.71
Grashof number, Gr 105

Width of the slot jet, W 0.2
Thermal conductivity ratio, ks/kf 4

Fig. 5. Streamlines with Re for Da = 10−3, ϵ = 0.75, Hp = 0.3.

Fig. 6. Isotherms with Re for Da = 10−3, ϵ = 0.75, Hp = 0.3.

Fig. 7. Effect of Re on the local Nusselt Number along the heated wall for
Da = 10−3, ϵ = 0.75 and Hp = 0.3.
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The non-dimensional boundary conditions can be written then as:
At Inlet: U = 0, V = −1, θ = 0
At Outlets: ∂U/∂X = 0, ∂θ/∂X = 0
At Solid walls: U = V = 0
At the heater: = 1Y , otherwise = 0n
The local Nusselt number along the heater:

=Nu
k
k

1eff

f (16)

The average Nusselt number over the heater:

=Nu
H H

Nu dx1
/avg

h

H H

0

/h

(17)

where Hh is the length of the heater.
To get a clear glance about the effect of the porous layer, the

average Nusselt number is normalized as the ratio of the Nusselt

Fig. 8. Variation of the average Nusselt Number with Re and Hp for Da = 10−3

and ϵ = 0.75.

Fig. 9. Variation of the normalized Nusselt Number with Re and Hp for
Da = 10−3 and ϵ = 0.75.

Fig. 10. Streamlines with Da for Re = 500, ϵ = 0.75, Hp = 0.3.

Fig. 11. Isotherms with Da for Re = 500, ϵ = 0.75 and Hp = 0.3.
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number of non-zero thickness to completely clear fluid (no porous
layer);

=
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0 (18)

The flow field can be described by the contours of the stream
function Ψ which is defined as

= =
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3. Solution methodology

The dimensionless mathematical model presented in Eq. (9)–(16)
subject to the boundary conditions for confined slot jet impinging into
an open trapezoidal cavity containing a porous layer is discretized with

the help of the finite element method (FEM) based on the Galerkin
weighted residual technique. To this end, the weak formulation is de-
veloped by choosing the test space in an appropriate test function space.
With the obtained weak formulation, we discretize the mathematical
model equations in order to achieve the numerical model eqs. A two
dimensional hybrid mesh consisting of both triangular and quad-
rilateral elements is designed to cover the whole computational region
consisting of both fluid and porous layers. A finite element space con-
sisting of quadratic polynomials P2is chosen to approximate the velocity

Fig. 12. Effect of Da on the local Nusselt Number along the heated wall for
Re = 500, ϵ = 0.75 and Hp = 0.3.

Fig. 13. Variation of the average Nusselt Number with Da and Hp for Re = 500
and ϵ = 0.75.

Fig. 14. Variation of the normalized Nusselt Number with Da and Hp for
Re = 500 and ϵ = 0.75.

Fig. 15. Streamlines with ϵ for Re = 500, Da = 10−3 and Hp = 0.3.
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and temperature components whereas for the pressure approximation
the space of linear polynomials P1has been utilized. The stability of this
higher order FEM pair is well tested for quadrilateral elements (see [31]
for further details). The choice of FEM pair P2 + P1for triangles leads to
6 unknowns in the assembly of system matrix at local level for each of
component U, V, θ and 3 unknowns for the pressure P component. It
means that one has to solve a system for 21 degrees of freedoms (DOFs)

for each element. The local systems of discrete equations are assembled
to form the global system of equations.

The resulting global system of discrete equations for all the involved
physical models is nonlinear which is linearized using adaptive
Newton's method and the associated linear sub-problems are computed
with the help of linear solver. A certain threshold of tolerance is set to
stop the nonlinear iteration process. For further details regarding the
finite element solver, one can consult [31,32].

3.1. Grid convergence

The study regarding the sensitivity of grid is performed and dis-
played in Table 1 for the Nuavg with Pr = 0.71, Gr = 105, Da = 10−3,
ϵ = 0.75, Hp = 0.1, which confirms that the deviation of values for
successive grid levels G7 and G8 is negligibly small. Thus, the compu-
tations are restricted at grid level G8 (as shown in Fig. 2) to save the
computational resources. This space mesh level leads to 37,291 ele-
ments (NEL) and the degrees of freedom (DOFs) equals 81,860.

Fig. 16. Isotherms with ϵ for Re = 500, Da = 10−3 and Hp = 0.3.

Fig. 17. Effect of ϵ on the local Nusselt Number along the heated wall for
Re = 500, Da = 10−3 and Hp = 0.3.

Fig. 18. Variation of the average Nusselt Number with ϵ and Hp for Re = 500
and Da = 10−3.

Fig. 19. Variation of the normalized Nusselt Number with ϵ and Hp for
Re = 500 and Da = 10−3.
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3.2. Code validation

In order to confirm and increase the precision of present code, the
designed code has been validated by CFD and experimental results. A
very important dimensionless quantity in heat transfer problems
namely, the average Nusselt number is computed which serves as a
benchmark quantity for the validation purpose. To this end, the code is
validated against the published results of Gibanov et al. [33]. The
comparison is presented in Table 2 and found to be in very good
agreement. The reliability of the code has also been verified by visua-
lization the streamlines and isotherms in Fig. 3. Validation with ex-
perimental results has been conducted with the setup of Gardon and
Akfirat [10]. A two-dimensional slot jet impinges air at room tem-
perature onto an isothermal flat plate maintained at 2.2 °C higher than
the room temperature. The comparison is achieved with the local
Nusselt number at the stagnation point for different nozzle to plate
spacing (Zn/B), where B is the width of the nozzle and Zn is the vertical
distance between the nozzle and the flat plate. The comparison results
are drawn in Table 3 for two Reynolds numbers (ReB = 450 and 650).
Accumulatively, the agreement of this comparison is very accepted al-
though the recorded maximum percentage difference is 19% at Zn/
B = 15 for ReB = 650. This error may be due to the approximation of
the present 2D numerical study and the experimental 3D outcomes of
[10]. This comparison is also demonstrated graphically in Fig. 4.

4. Results and discussion

The results are collected for the following parameters: Reynolds
number is selected to keep the laminar flow, Re = 100–500, Darcy
number is chosen to account for various permeability's,
Da = 10−6–10−2, porous layer thickness is governed to keep the
porous layer within the trapezoidal open cavity, porosity is selected to
fulfil the thermal equilibrium [25], ϵ = 0.5–0.75. The other parameters
are fixed as Pr = 0.71 (air), Grashof number Gr = 105, width of the jet
W = 0.2 and thermal conductivity ratio ks/kf = 4. The results are re-
presented by streamlines, isotherms, Nusselt number and the normal-
ized Nusselt number to account the virtue of the porous layer. Nu-
merical trails are conducted according to Table 4. This section is
subdivided according to the varied parameters, even though the effect
of the thickness of the porous layer is inserted in the other parameters
shows.

4.1. Impact of Reynolds number

Fig. 5 depicts the streamlines with Reynolds number for Da= 10−3,
ϵ = 0.75, and Hp = 0.3. When Re = 100, the inertial force of the
impingement jet is comparable with the rising buoyancy force, there-
fore, weak penetration into the porous layer is observed and as a result,
recirculation zone appears in the fluid confining the porous layer. When
Re is raised to 300, the penetrated fluid is prominent and the re-
circulation zone shrinks as an indication to the increased inertial force.
For Re = 500, the inertial force becomes higher and the recirculation
zone intensifies close to the impinging jet, even though the fluid ex-
perience less intensity at the stagnation point owing to the drag exerted
by the porous layer. However, it is necessary to explain that the fully
developed flow arises at the end of the cavity for lower Re number
while it begins earlier for higher Re number. The isotherms presented in
Fig. 6 demonstrate quasi stratified behavior within the porous layer in
the low Re number. It is due to the weak penetration of the impinging
jet into the porous layer. This behavior is disturbed when Re increased
because the augmentation of inertial force which transport more fluid
quantity as with Re = 300 and 500. Therefore, the temperature gra-
dient is steeper within the porous layer and the fluid confining it looks
isothermal with lower temperatures.

The local Nusselt number portrayed in Fig. 7 depicts two facts, the
first is that the adverse action between the rising buoyancy and the

impinging inertial force is maximal at the stagnation point; this can be
demonstrated by the minimal Nusselt number there. Even though, the
fluid reflected from this point scavenges the hot fluid along the hot
wall, resulting in raising the Nusselt number along this wall. The second
fact is the quantitative increase in the local Nusselt number with Rey-
nolds number. This can be attributed to that the porous layer con-
tributes in holding the impinged fresh fluid close to the hot wall which
leads to efficient cooling of the hot wall. The average Nusselt number
shown in Fig. 8 supports this elucidation where pure linear relation
between the average Nusselt number and Reynolds number is observed.
The figure shows also the decline of Nusselt number with increasing the
thickness of the porous layer for a given Reynolds number. This because
raising the drag imparted by the solid matrix which opposites the rising
buoyancy force which leading to hotter bottom wall. Even though, the
existence of the porous layer provides good appliance of cooling the hot
wall. This can be seen in Fig. 9 which depicts the normalized Nusselt
number (Nuravg), the ratio revealing the virtue of the porous layer. It
can be deduced that although the porous layer restricts the buoyancy
force, but it also contributes in attaching the impinging jet to flow close
to the hot wall within higher thermal conductivity medium and hence
good cooling action. However, the figures depict that for a given porous
layer thickness there is a critical Reynolds number should be avoided.
For example, when Hp = 0.1, Re’s other than 100 should be avoided,
while at Hp = 0.3, Re = 200 should be avoided. These critical Rey-
nolds values correspond to the comparable actions of the buoyancy
force and the impinging inertia force.

4.2. Impact of Darcy number

The effect of Darcy number on the streamlines and isotherms is
studied for Re = 500, Hp = 0.3 and ϵ = 0.75. Fig. 10 shows that for
Da = 10−6, there is no sufficient inertial force enables the fluid to
penetrate the porous layer thus, the recirculation zone expands hor-
izontally and pushes away the fully developed start point. For higher Da
number, the drag effect of the porous layer is lower and as a result, the
impinging fluid penetrates into the porous layer which in turn shrinks
the space of circulation and this leading to the early fully developed as
can be seen with Da = 10−2. Since there is no penetration of the im-
pinging jet with low Darcy number, the isotherms show colder interface
and stratified temperature distribution within the porous layer as
shown in Fig. 11. For higher Darcy number, higher permeability of the
porous layer permits to the impinging fluid to pass through in and
destroys the stratified distribution.

The local Nusselt number presented in Fig. 12 shows almost con-
stant and low Nusselt number along the hot wall for low Darcy number
(Da ≤ 10−5). It is because the absence of the fluid penetration into the
porous layer. While with higher Darcy (Da ≥ 10−4), the Nusselt be-
comes higher and takes an increasing function along the hot for the
same reason clarified in Fig. 7. The average Nusselt number presented
in Fig. 13 demonstrates a rapid increase with Darcy number beyond
Da = 10−4. Besides, Nusselt number declines with increasing the
thickness of the porous layer for the same reason shown in Fig. 8, even
though this reduction diminishes with increasing Darcy number. For
example, the percentage reductions in Nuavg when Hp increased from
0.1 to 0.3 are about 35 and 17 at Da = 10−6 and 10−3, respectively,
while at Da = 10−2, there is no any effect of the porous layer thickness
because the very high permeability which qualifies the porous layer to
as clear layer. To complete the image of the role of the porous layer,
Fig. 14 reveals extra facts, these; for porous media having Da ≤ 10−4,
there are adverse actions of any porous medium with Hp greater than
0.1, while for Da = 10−3, the porous medium play a positive role in
increasing Nusselt number but that of Hp = 0.1 gives the higher one.
For Da= 10−2, all studied thicknesses of the porous layer gives rise the
Nusselt number in same amount. The congruence between the Figs. 14
and 13 is owing to that the clear layer does not influenced by Darcy
number.
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4.3. Impact of porosity

This category displays the effect of the voids to bulk volumes,
namely the effect of porosity. The streamlines and the isotherms are
inspected at Re = 500, Da = 10−3, and Hp = 0.3 and depicted in
Figs. 15–16. The streamlines showed undistinguished patterns when ϵ is
raised from 0.5 to 0.7. This result was also showed by Graminho et al.
[34] who showed almost similar intensity and size of circulation. On
the other hand, the patterns of the isotherms also do not affected by the
porosity as shown in Fig. 16, except a slight heating of fluid trapped in
the porous layer.

The local Nusselt number presented in Fig. 17 portrays a uniform
reduction with increasing the porosity. It is because the increased in
voids which occupied by air, leads to reduction in the effected thermal
conductivity of the porous layer which in turn restricts the transport of
heat transfer. This attribution can be demonstrated by the average
Nusselt number plotted in Fig. 18 with ϵ for different thicknesses of the
porous layer which depicts a constant reduction rate for all Hp values.
Eventually, Fig. 19 shows that the normalized Nusselt number is an
exact image to the average Nusselt number owing to the definition of
Nuravg, where the porosity is not found in the clear layer.

5. Conclusions

Mixed convection of air jet impingement into a trapezoidal con-
taining a porous layer is studied in this paper. Effects of Reynolds and
Darcy numbers, porosity and of the porous layer and its thickness have
been investigated. The FEM method has been used to solve the sym-
metric domain of the problem. The results have raised the following
conclusions.

1. The combination of impingement fluid and the existence of the
porous layer provides good appliance of cooling the hot surfaces
covered by a thin layer of porous medium.

2. For a given porous layer thickness there is a critical Reynolds
number should be avoided. For example, for a thickness of 0.1, Re’s
other than 100 should be avoided, while when the thickness is 0.3,
Re = 200 should be avoided.

3. The average Nusselt number increases rapidly with Darcy number
beyond Da = 10−4.

4. The best thickness of the porous layer is found to be as minimal as
possible from the studied ranges.

5. The thickness of the porous layer reduces the average Nusselt
number. The reduction effect of porous layer thickness diminishes
with Darcy number. For example, the percentage reductions in
Nuavg when the thickness is increased from 0.1 to 0.3 are about 35
and 17 at Da = 10−6 and 10−3, respectively, while at Da = 10−2,
there is no any effect of the porous layer thickness.

6. The minimum the porosity of the porous layer is the maximum the
average Nusselt number.

7. The trapezoidal cavity serves in attaining the fully developed con-
dition early.
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