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The presemt numerical investigation addresses non-Darcian effects on the mixed convection
hear transfer in a metallic porous block with a confined siot jet. The generalized model of
the momentum equation, which is also known as the Forchheimer-Brinkman extended
Darcy model, was used in representing the fluid motion inside the porous layer. The local
thermal equilibrinm condition was assumed to be valid for the range of the thermophysical
parameters considered in the present investigation. The transport equations were solved
using the finite element formulation based on the Galerkin method of weighted vesiduals.
The validity of the numerical code used was ascertained by comparing our results with pre-
viously published results. Ouwr results revealed that the heat transfer performance of the slot
Jet was 2.4 times as large as that without the presence of a porous block. In addition, the
average Nusselt number was found to increase with a decrease in porosity and an increase
in the thermal conductivity ratio. The present vesults illustrate that the average Nusselt
number increases with a decrease in the dimensionless height of the porous layer up to
Hyorous = 0.05, after which the Nusselt number decreases.

1. INTRODUCTION

Impinging jets have been used in many industrial applications to produce
enhanced and controlled heating and cooling elfects on surfaces. Such applications
include turbine blade cooling, electronic components cooling, annealing of non-
ferrous sheet metals, tempering of glass and drying of textiles, wood, and paper
[1]. Jet impingement has been studied extensively in the literature under various con-
figurations [2-7]. Al-Sanea [1] developed & numerical model based on [inite-volume
approach for calculating the steady flow and heat-transfer characteristics of a lami-
nar slot-jet impinging on an isothermal flat surface. The Nusselt number variation
along the heat transfer surface showed an enhanced heat transfer rate around the
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NOMENCLATURE
Cp specific heat at constant pressure Te temperature of the jet tlow
Da Darcy number, K/ l"l"'jle1 Ty temperature of the hot surtace
F Forchheimer constant v dimensional velocity vector
g acceleration due to gravity A% dimensionless velocity vector, v/ Vi
Gr Grashof number, glﬂATl'i’; i V2 Wiet width of the jet
H nondimensional height ot the channel  x x coordinate
Hyorous nondimensional height of porous (X, dimensionless coordinate, (x, )/ Wi
block } v coordinate
J unit vector oriented along the pore o thermal ditfusivity
velocity vector 3 coetficient of thermal expansion
i thermal conductivity € porosity of the porous medium
K permeability of the porous medium A maximum-norm
k, porous-to-fluid thermal conductivity v kinematic viscosity
ratio (kg/ky) [¢] dimensionless temperature,
Loorous length of the heated surface (T —T)/(Ty —T¢)
L nondimensional length of the heated Oinerrace  dimensionless temperature at the
surface, Lporous/ Wiet porous-tluid interface, 1:'\"'.:‘}‘”“5;“(;_ Te
Nu local Nusselt number Omid dimensionless temperature at the mid-
Nu average Nusselt number section, !10;;1711(1(
P pressure p density '
P dimensionless pressure, p/(p l";;,!] T dimensionless time, "‘[’:jetr’r l'i":jet
Pr Prandtl number, v/a .
Re Reynolds number, Vi Wi /v Sg_hscrlpts .
Ri Richardson number, Gr/Re? e.ti EH?CUVE
: time I fluid _
T temperature porous  porous medium
K solid

impingement region. Lee and Vafai [2] presented a comparative analysis of jet
mmpingement and microchannel cooling for high heat flux applications. The authors
concluded that the microchannel cooling was preferable for a target dimension smal-
ler than 0.07m by 0.07m while the jet impmgement was comparable or better than
the microchannel cooling for a larger target plate il a proper treatment was applied
for the spent flow after the impingement. Mikhail et al. [§] analyzed numerically flow
and heat transfer characteristics of laminar jets issuing from a row of slots and
mmpinging normally on a flat plate. Their results showed that the average Nusselt
number increases with a decrease in the nozzle spacing. Using a similar approach,
Yuan et al. [9] presented numerical predictions of the effects of buoyancy on a
laminar slot-jet impinging on a flat surface. For high Richardson numbers, both
buoyancy assisted and retarded flows were shown to have a significant effect on
the enhancement and degradation. respectively, of the local Nusselt number.

Jet impingement cooling through porous medium has received relatively less
attention in the literature. A study of the enhancement of the convection heat trans-
fer of a laminar slot jet impinging on three different shape porous blocks (rectangle,
convex, and concave) mounted on a heated region was investigated numerically by
FFu and Huang [10]. Their results indicated that the heat transfer was mainly affected
by a fluid flowing near the heated region. Jeng and Tzeng [11] studied numerically
the air jet impingement cooling of a porous metallic foam heat sink in the forced
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convection mode. Their results showed that the porous Aluminum foam heat sink
enhances the heat transfer performance of an impinging jet. Same authors exper-
imentally mvestigated convective heat transfer and pressure drop in the metallic
porous block with a confined slot air jet [12] for various parameters such as the ratio
of the jet nozzle width to the porous block height, the ratio of the jet-to-foam tip
distance to the porous block height. and the jet Reynolds number. Their results indi-
cated that the average Nusselt number increased with increased Reynolds number
and decreased porous block height. Jet impingement cooling of a heated portion
ol a horizontal surface immersed in a fluid saturated porous media was investigated
numerically by Saeid and Mohamad [13] based on using Darcy’s law. It was found
that the average Nusselt number increased with an increase in Rayleigh number and
Péclet number. Recently, Saeid [14] studied numerically jet impingement cooling of
heated portion of a horizontal surface immersed in a thermally nonequilibrium
porous layer in the presence of a cross flow. The mathematical model was derived
for steady, two-dimensional laminar flow based on a Darcy model and the use of
the two-energy equation for fluid and solid phases. It was found that the presence
ol a weak cross flow n a jet impinging jet degraded the heat transfer. Morcover,
the results showed the domination of the parallel flow and reduced the impact of
the jet flow for high values of the cross flow to jet flow velocity ratio. Shih et al.
[15] investigated experimentally heat transfer characteristics of aluminum-foam heat
sinks with restricted flow outlets under impinging-jet flow conditions. The effects of
porosity, pore density and length of the sample, air velocity, and flow outlet height
on the heat transfer characteristics of aluminum-foam heat sinks were investigated.
Results showed that the effect of the flow outlet height was stronger than that of the
pore density, porosity, or height of the aluminum heat sinks studied in their work.

It 1s worth noting that the majority of the reviewed studies on jet impingement
cooling of a horizontal surfacc in a conlined porous medium were based on
Darcy’s law, which neglects the mertia and viscous effects on fluid flow and heat
transfer. Since the rigid matrix resistance in a porous structure deviates from Darcy’s
law at high velocities, a generalized flow model (also known as the Brinkman-
Forchheimer-extended Darcy model) was utilized in the present investigation Lo
better analyze the transport processes in the presence of the coupling effect between
the fluid-saturated porous medium and the fluild region. This work discusses
how the height of the porous medium heat sink and the Richardson number influ-
ences the flow characteristics and the Nusselt number. Moreover, this investigation
incorporates several pertinent dimensionless groups in conducting the analyses. These
groups are the Richardson number, porous medium solid-to-fluid thermal
conductivity ratio, Darcy number, the height of the porous block, porosity, and
the height of the channel.

2. MATHEMATICAL FORMULATION

The problem under investigation is a two-dimensional steady flow and heat-
transfer characteristics of a laminar slot-jet impinging on a metallic porous block
mounted along the bottom surface of the channel. The physical domain under con-
sideration and coordinate system are shown in Figure 1. The isothermal part of the
impinging surface (over the length of the heat-transfer region, Lyorous) 18 maintained
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Figure 1. Schematic representation of the physical problem.

at a constant temperature 7y and the temperature ol the fluid at the slot-jet exit 1s
maintained at a constant temperature T¢. The porous medium is viewed as a
continuum with the solid and fluid phases in thermal equilibrium, 1sotropic, homo-
geneous, and saturated with an incompressible Newtonian fluid. Furthermore.
viscous heat dissipation in the fluid is assumed to be negligible in comparison to
conduction and convection heat transler elfects. Also, 1t 1s assumed that the thermo-
physical properties of the fluid are independent of temperature except for the density
in the buoyancy term, which 1s treated according to the Boussinesq approximation.
The governing equations in the porous domain are handled using the volume-
averaging method. By incorporating the above points, the system of the governing
equations can be expressed as [16-20]
Porous Layer
Continuity equation

Vi< V>=0 (1)

Momentum equation

1 - 5 < V>
—<(V-VW>=-V<P> 4+ —V<V>—-— "
€ eRe DaRe 2)
Fe Gr -
- <V>-<V>J+—8
Da Re”
Energy equation
kopp 1
<v>.vo=-l 3
kr PrRe (3)
where,
kcl‘[‘ = Ekj' + (1 - F)k\ (4)
The geometric function F in the momentum equation is given by
1.75
F=—eenes (5)

V15083
Fluid Layer
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Continuity equation

V-V=20 (6)
Momentum equation
_ 1 _, Gr
V.VV =-VP+_—-VV+4+—60 (7)
¢ Re”
Energy equation
I 2
V.V = 72
Vo PchT 0 (8)

The above equations were normalized using the following dimensionless
parameters.

, T —Tc X, p
y_ v p— Pﬂ H— C Y — (X/;J) (9)
Vietw  pVie  Tu—Te Wi

where Vjcl is the jet velocity, Wicl 1s the jet width, p is the fluid density, g the gravi-
tational acceleration, J = V/|V| is a unit vector oriented along the pore velocity
vector, P the dimensionless pressure, V' the dimensionless velocity vector, and
Da = K/W.Ecl 1s the Darcy number. In addition, the relevant Grashof number, jet
Reynolds nmumber, and Prandtl number are given by Gr = gBATIfocl
2 S 7. : D — eepnectivelv. The oo A < for
v, Re = VJCl ”Jcl/“- and Pr=v/a, respectively. The flow and heat transfer
characteristics are symmetrical around the y axis as shown in Figure 1. As such,
the boundary conditions are

Inlet (jet exit plane)

U=0=0V=-1 (10)

Outlet

The outlet boundary is located far enough downstream resulting in fully
developed flow conditions. Accordingly. the following conditions are imposed at
the exit.

V== =0 (11)

Walls

All walls are stationary and immpervious and, hence. U = ¥V = 0. Normal
gradients of temperature are set to zero at the adiabatic walls: 00/0Y = 0. For the
1sothermal part of the impinging surface, the temperature is set to 8 = 1.

The physical quantities of interest in the present investigation are the local and
the average Nusselt numbers along the hot surface which are defined respectively as

N——93 iﬁ_—lfN X 12)
u=-—ay Y—:) u=- uc (12
0
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where L 1s the nondimensional length of the 1sothermal surface (heated surface ol the
porous block, as shown m Figure 1).

3. NUMERICAL SCHEME

A finite element formulation based on the Galerkin method was employed to
solve the governing equations. The application of this technique is well documented
by Taylor and Hood [21] and Gresho et al. [22]. In the current investigation, the
continuum domain was divided into a set of nonoverlapping regions called elements.
Nine node quadrilateral elements with bi-quadratic interpolation functions were
utilized to discretize the physical domain. Morcover, interpolation [unctions in terms
ol local normahlized clement coordinates were implemented to approximate the
dependent variables within each element. Subsequently, substitution of the approx-
imations into the system of the governing equations and boundary conditions
yielded a residual for each of the conservation equations. These residuals were then
reduced to zero in a weighted sense over each element using the Galerkin method.

The highly coupled and nonlinear algebraic equations resulting from the
discretization of the governing equations were solved using a segregated-solution
algorithm. The advantage of this method is that the global system matrix is decom-
posed into smaller submatrices and then solved in a sequential manner. This tech-
nique resulted m considerably fewer storage requirements. A pressure projection
algorithm was utilized to obtain a solution for the velocity field at every iteration
step. Furthermore, the pressure projection version of the segregated algorithm was
used to solve the nonlinear system. In addition, the conjugate residual scheme was
used to solve the symmetric pressure-type equation systems, while the conjugate
gradient squared method was used for the nonsymmetric advection-diffusion-type
equations.

4. GRID REFINEMENT

Many numerical experiments ol various mesh sizes were performed to attain
grid-independent results and to determine the best compromise between accuracy
and minimizing computer execution time. As such, a variable grid-size system was
employed in the present investigation to capture the rapid changes in the dependent
variables especially near the solid boundaries and the fluid-porous interface where
the major gradients occur inside the boundary layer. The solution was assumed to
have converged when the relative variation of the average Nusselt number between
two consecutive iterations was less than 0.01%. As an additional check on the con-
vergence to a steady-state solution, the standard relative error based on the
maximum-norm (A) was used:

V.’H—l . . en+l _ 8.-1 .
_ || ||'XJ || ||'>(J S 10—6 [13)
(el 10"+

-

where the operator || ||, indicates the maximum absolute value of the variable over
all grid points in the computational domain.
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Table 1 Comparison of the average Nusselt number in a cavity filled with a porous
medium between the present results and that of Nithiarasu et al. [23] and Chen et al.
[24] for various Rayleigh numbers (e = 0.9, Da = 1072)

Ra Nu [present] Nu [23] Nu [24]
1% 103 1.02 1.023 1.02
I % 10" 1.63 1.63 1.63
I % 10° 3.93 3.91 3.92
5% 10° 6.69 6.70 NA

5. VALIDATION

The present numerical code was validated against the numerical results of
Nithiarasu et al. [23] and Chen et al. [24] for the average Nusselt number in a cavity
filled with a porous medium between using the generalized momentum equation.
Table 1 displays comparison for the average Nusselt number between the present
results and the numerical results of Nithiarasu et al. [23] and Chen et al. [24]. As
an additional check on the accuracy ol the present code, the average Nusselt number
for the present study was validated against the numerical results of Al-Sanea [1] for a
laminar slot-jet impinging on an isothermal [lat surface, as shown in Figure 2, for
various jet-Reynolds numbers. Both Table 1 and Figure 2 display very good
agreement between the current results and the prior works.

6. RESULTS AND DISCUSSION

The results presented in this work were obtained for different pertinent dimen-
sionless groups: Richardson number (0.01 < Ri < 1), Darcy number (1072 <
Da < 107%), channel height (0.5 < H < 4). height of the porous layer (0.005 <

4.0
B0 f - T -
=
20 e
— Al-Sanea [1]
® Present
10
0.0 : . "
50 150 250 350 450

Re

Figure 2. Comparison of the average Nusselt number between present results and that of Al-Sanea [1] for
a laminar slot-jet impinging on an isothermal flat surface.
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Hporous < 3). porosity ol the porous layer (0.25 < & < 1), and thermal conductivity
ratio (1 < kg/ky < 200). The default parameters were assigned values of H = 4.
Hporous = 0.25, Ri=0.01. ki/ky =5, €¢=093, Da= 102, Pr=1. L=35, and
Re = 100 unless otherwise stated. The predicted field variables were presented in terms
of the streamlines. isotherms, interface temperature and average Nusselt number.

6.1. Effect of the Porous Medium Solid-to-Fluid Thermal Conductivity

The effect of varying the porous medium solid-to-fluid thermal conductivity on
streamlines and isotherms is presented in Figure 3. It 1s apparent in Figure. 3 that as
the conductivity ratio increases, the porous medium becomes more conductive and
the strength of the convective flow in the porous layer decreases leaving the porous
layer almost isothermal for high thermal conductivity ratio. Further, Figure 3

k,tk, =1
0(0, 1),A0 = 0.05

k,lk, =25
6(0, 1), A0 = 0.05

Figure 3. Effect of k,/k; on the streamlines and isotherms (Re= 100, Ri=0.01, H 00 =0.25, H=4.
£=0.93, and Da=10"2),
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Figure 3. Continued.

illustrates that the conductivity ratio (ky/ky) has an insignificant effect on the stream-
lines. However, this effect is more pronounced for the temperature and the Nusselt
number distributions, as shown in Figures 4-6. Figures 4-6 illustrate the implica-
tions of varying ky/k; on the average Nusselt number, interface temperature, and
mid-section temperature. Figure 4 shows that the overall heat transfer rate is
enhanced with an increase n the thermal conductivity ratio due to large temperature
gradients offered in the fluid layer. As such, the average Nusselt number increases
rapidly for fkg/ky < 25 as depicted from large slope of the average predicted
Nusselt number. Thereafter, for k,/k; < 25, the average Nusselt number increases
at a lower rate as indicated by the slope of the average Nusselt number. The influ-
ence ol thermal conductivity ratio (ky/ky) on the interface temperature between
the porous and fluid layers is shown in Figure. 5. This figure demonstrates that
the porous layer is almost isothermal for large k;/k; (i.e., ky/ky = 200). It is worth
noting that the lowest temperature value occurs at the center of the top surface of
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kK,

Figure 4. Effect of ki/ks on the average Nusselt number (Re=100, Ri=0.01, Ho0us=0.25, H=4,
£=093, and Da=1077).

the porous layer. This is associated with the effect of the low temperature impinging
jet flow on the top surface of the porous layer. Similarly, Figure. 6 illustrates the
impact ol the thermal conductivity ratio on the temperature profiles along a vertical
plane passing through the middle of the porous medium. This figure confirms that the
porous layer is almost 1sothermal for large ky/k; since the temperature difference
across the porous block for k; /k; = 200 is much smaller than for the case ol low k; /k;.

k,/k, =200

k,/k, =100

1.0

e interface

0.0

X

Figure 5. Effect of &,/k on the temperature profiles along the interface between the porous medium and
the fluid domain (Re =100, Ri=0.01, Hp510s =025, H=4, £=093, and Da= 1072).
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Figure 6. Effect of k;/k; on the temperature profiles along a vertical plane passing through the middle of
the porous medium (Re=100, Ri=0.01, H,0,=0.25, H=4. £€=0.93, and Da= 1073,

6.2. Effect of Porous Medium Height

The elfect ol changing the height ol the porous layer on the streamlines and
isotherms is depicted in Figure 7. This figure shows that as the height of the
porous block (i.e., heat sink) increases, the intensity of the streamlines decreases
due to high flow resistance offered by the porous block which causes a significant
reduction in the size of the recirculation zone above the porous layer. Figure 8
shows the impact of increasing the height of the porous layer on the average
Nusselt number for various Reynolds number. This figure demonstrates that the
average Nusselt number increases with the decrease of the dimensionless height
of the porous layer until Hporous = 0.05, and then the Nusselt number decreases.
The increase in the Nusselt number results from the decreased flow resistance as
the height of the porous layer decreases, whereas the decrease in the average
Nusselt number is caused by an increase in the flow resistance as the height of
the porous layer increases. Figure § reveals that the average Nusselt number with
the metallic porous block was 2.4 times as large as that without the porous layer.
The effect of the porous layer height on the interface temperature between the fluid
and porous layers is illustrated in Figure 9. The top surface of the porous layer is
almost at a uniform temperature corresponding to the jet flow temperature for
larger height.

6.3. Effect of Channel Height

Streamline plots and isotherms are used to illustrate the nature of the flow and
temperature fields and their dependence on the channel height, as depicted in
Figure 10. The mmmimum and maximum values of the stream functions and
1sotherms are written on the top of each figure. Twenty equal intervals are used to
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Figure 7. Eftect of the porous medium height on the streamlines and isotherms (Re= 100, Ri=0.01,
H=4,£=093, k,/k; = 5, and Da=10"7%).

represent the streamlines and isotherms. Positive values of streamlines correspond to
counterclockwise flow and negative values characterize clockwise flow. It can be
noticed in Figure 10 that the circulation cells between the impinging jet and the
confining wall disappear for a small normalized channel height (H <1). As the
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Figure 7. Continued.

677

normalized channel height increases, the circulation cell in the [luid layer increases in
size and strength, as depicted in Figure 10. This trend is due to the fact that
downstream of the nozzle, as the height of the channel mcreases, the shear layer
progressively grows and displaces the potential core. The effect of the channel height

4
NUmax =3.47(H ..o, = 0.05,Re =100)
N NUng =224(Hyp, =005Re=50)
Nu =1.37(H ., = 0.05,Re = 25)
-
|Z 2 e NGt mmmm e
Nu=145(H,,,, = 0,Re =100)

T e e e e e TS - m e TSl s e e AR A e e wi
T 7
Nu=0.59(,.,. = 0,Re =25) Nu=091(H,,,.. ={)-,Re = 50)
0 " " - - -
0 0.5 1 1.5 2 25 3
Hporous

Figure 8. Effect of the porous medium height on the average Nusselt number for various Reynolds

numbers (Ri=0.01, k_c/l\jf =5 H=4,£=0.93, and Da=10"2),
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eintert'.'|<;e

Figure 9. Effect of the porous medium height on the temperature profiles along the interface between the
porous medium and the fluid domain (Re=100, Ri=0.01, k;/k; =5, H=4, €=0.93, and Da= 10_2).

H=10
0(0, 1),A0 = 0.05
¥(-0.533,0.533),A¥ = 0.0533

H=20
0(0, 1),A0 = 0.05

H=3.0

¥(-0.665, E665), AY =0.0665

H=40
6(0, 1),A0 = 0.05

Figure 10. Effect of the channel height on the streamlines and isotherms (Re= 100, Ri=0.01,
Hporous =025, €=0.93, ky/k; =5, and Da= 1073,
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Figure 11. Effect of the channel height on the average Nusselt number (Re = 100, Ri=0.01, k,/k; = 5.
Hporous = 0.25,£=0.93, and Da = 1072y,

Da=10"
0(0, 1),A0 =0.05

Da=10"*
0(0, 1),A0 = 0.05

Da=10"

Figure 12. Effect of the Darcy number on the streamlines and isotherms (Re = 100, Ri= 0.01,
Hporous = 0.25, H =4, £ =0.93, and ki/k; = 3).
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on the average Nusselt number 1s shown in Figure 11. It can be noticed in Figure 11
that the average Nusselt number decreases with an increase in the channel height
because the interface temperature between the porous layer and the fluid layer
ncreases.

6.4. Effect of Darcy Number and Porosity

The effect of the Darcy number on the streamlines and isotherms is illustrated
m Figure 12. As can be seen, the Darcy number has an msignificant effect on the
intensity of flow activities as well as the isotherms within the fluid layer for small
Richardson numbers (Ri=0.01). The Richardson number provides a measure for
the importance of the thermal natural convection forces relative to the forced con-
vection. For a small Richardson number, the buoyancy effect 1s overwhelmed by
the effect of jet flow. The effect of the Darcy number on the average Nusselt number
1s llustrated in Figure 13. For small values of Darcy numbers. the porous layer is
considered less permeable to fluid penetration and consequently the fluid experiences
a pronounced large resistance as it flows through the porous matrix. This results in
hindering flow activities in the porous region and consequently decreases the average
Nusselt number, as depicted in Figure 13, and increases the interface temperature
between the fluid layer and porous layer as. illustrated in Figure 14. The effect of
the porosity on the average Nusselt number and the temperature profiles along
the interface between the porous and fluid layers are shown in Figures 15 and 16.
As the porosity of the porous medium decreases. the average Nusselt number
increases as depicted in Figure 15. This is associated with an increase in the effective
thermal conductivity of porous medium. Therefore, the temperature along the
interface of the porous and fluid layers decreases with an increase in the porosity,
as depicted in Figure 16.

225 oo e -

2 " T y
0.000001 0.000010 0.000100 0.001000 0.010000

Da

Figure 13. Effect of the Darcy number on the average Nusselt number (Re = 100, Ri= 0.01,
kg/hkf =35, Hporous = 0.25, H =4, and £ = 0.93).
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e interface

Figure 14. Effect of the Darcy number on the temperature profiles along the interface between the porous
medium and the fluid domain (Re =100, Ri = 0.01, k;/kr =5, Hporous = 0.25, H =4, and £ = 0.93).

6.5. Effect of Richardson Number

The total heat transfer rate between the jet flow and the heated surface is
related to the average heat transfer coeflicient, which is best represented by the aver-
age Nusselt number. Figure 17 depicts the elfect of the Richardson number on the
average Nusselt number. It 1s observed in Figure 17 that increasing the Richardson
number (or increasing the Grashofl number) increases the average Nusselt number.

25
0.25 0.5 0.75 1
£

Figure 15. Effect of the porosity on the average Nusselt number (Re= 100, Ri=0.01, k¢ /ky =35,
Hporous = 0.25, H =4, and Da = 10?).
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Figure 16. Effect of the porosity on the temperature profiles along the interface between the porous
medium and the fluid domain (Re = 100, Ri=0.01, ky/kr = 5, Hporous = 0.25, H =4, and Da =10 ),

This is due to the fact that as the Grashol number increases convection heat transfer
within the porous layer becomes more pronounced.

6.6. Heat Transfer Correlation

The average Nusselt number calculated along the bottom heated porous layer
1s correlated in terms of various pertinent parameters including the Richardson

3.75

3.50

275 T T T g

0 0.2 0.4 06 08 1
Ri

Figure 17. Effect of the Richardson number on the average Nusselt number (Re = 100, k;/k; =5,
Hporous = 0.25, H =4, and Da=10"2).
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Figure 18. Comparison of the average Nusselt number between the present numerical results and Eq. (14) for
various thermal conductivity ratio (e = 0.93, Re = 100, Ri1= 0.01, Hporous = 0.25, H =4, and Da = 10 2,

number (0.01 <Ri<1). Darcy number (1072 <Da < 107, channel height
(0.5 < H < 4), height of the porous layer (0.005 < Hporous < 3), and thermal con-
ductivity ratio (1 < ky/ky < 200) The porosity of the porous layer was kept constant
(¢ = 0.93). This correlation can be written as follows.

m — 9.4975[{;{).0468 (ks/kj_)().I7D_d().()452H—f).2639( 1.7915 + H]‘)OI‘OLIS)_O'%B ( 14)

where the confidence coefficient for the above equation is R = 93%. A graphical
representation of the above correlation is shown in Figure 18. This figure demon-
strates an excellent agreement between the numerical results and those obtained
by the correlation.

7. CONCLUSIONS

Non-Darcian effects on mixed convection heat transfer in a metallic porous
block with a confined slot jet were studied numerically for various pertinent
dimensionless groups. Effects of dimensionless groups representing the Richard-
son number, Darcy number, heights of the channel and porous layer, porosity,
and thermal conductivity ratio were highlighted to study their impacts on flow
structure and heat transfer characteristics. The results reveal that there is a sub-
stantial increase in heat removal capability using a porous block. Narrowing the
distance between the jet and the heated portion and decreasing the porosity of the
porous medium could also increase the average Nusselt number. Moreover, the
higher solid-to-fluid thermal conductivity ratio of the porous medium is found
to significantly improve the average Nusselt number. Finally, a Nusselt number
correlation was established for a wide range of the considered dimensionless
groups 1n this mvestigation.
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