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Abstract

In the present article the jet impingement cooling of heated portion of a horizontal surface immersed in a thermally non-equilibrium
porous layer is considered for investigation numerically with the presence of a cross flow. The mathematical model is derived for steady,
two-dimensional laminar flow based on Darcy model and two-energy equation for fluid and solid phases. A parametric study is carried
out by varying the following parameters: cross flow to jet flow velocity ratio parameter (0 < M < 1); porosity scaled thermal conductivity
ratio parameter (0.1 < K, < 1000); heat transfer coefficient parameter (0.1 < H < 1000); Péclet number (1 < Pe < 1000) and Rayleigh
number (10 < Ra < 100). The total average Nusselt number is defined based on the overall thermal conductivity, which is assumed to
be the arithmetic mean of the porosity scaled thermal conductivity of the fluid and solid phases. The total average Nusselt number
as well as the average Nusselt number for both fluid and solid phases is presented for different governing parameters. It is found that
the presence of a weak cross flow in a jet impinging jet may degrade the heat transfer. The results show that the average Nusselt number
calculated from the thermal equilibrium model are the maximum possible values and these values can be reproduced by large values of

Hx K.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that cooling a heated surface using jet
impingement is more effective than the parallel flow and
is usually used in many industrial applications. The charac-
teristics of the jet impingement cooling through horizontal
porous layer are important from theoretical as well as
application points of view. In general, convection in porous
media has received considerable attention from many
researchers due to its wide engineering applications. Repre-
sentative studies participating to convection in porous
media in general can be found in the recent books [1-4].

Although the literature shows that the jet impingement
through pure (non-porous) fluid has been studies exten-
sively (see, for example, [5-10]) with the presence of cross
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flow and without it, but it is noticeable that the jet impinge-
ment cooling through porous medium has received rela-
tively less attention.

Fu and Huang [11] investigated numerically the effects
of a laminar jet on the heat transfer performance of three
different shape (rectangle, convex and concave) porous
blocks mounted on a heated plate. Their results for forced
convection mode show that the heat transfer is mainly
affected by a fluid flowing near the heated region. For a
lower porous block, the three types of porous block
enhance the heat transfer. However, for a higher porous
block, the concave porous block only enhances heat trans-
fer. Prakash et al. [12] carried out a detailed flow visualiza-
tion experiment to investigate the effect of a porous layer
on flow patterns without heat transfer. In this study [12]
the effect the jet Reynolds number, the permeability of
the porous foam, the thickness of the porous foam and
the height of the overlying fluid layer are examined. Jeng
and Tzeng [13] studied numerically the air jet impingement
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Nomenclature

cp specific heat, J kg™ ' K™!

d half of the width of the jet, Fig. 1, m

g gravitational acceleration, m s 2

h volumetric heat transfer coefficient between the
solid and fluid in the porous media, W m > K

H heat transfer coefficient parameter, defined in
Eq. (10)

k thermal conductivity, Wm ' K !

K permeability of the porous medium, m>

K. thermal conductivity ratio parameter, defined in
Eq. (10)

L half of the heat source length, Fig. 1

M cross flow to jet flow velocity ratio, M = U,/ V),

Nu local Nusselt number along the heat source,
Eq. (11)

Nu average Nusselt number along the heat source,
Eq. (12)

Pe Péclet number, Pe = V,L/o

q" heat flux, Wm >

Ra Rayleigh number for porous medium, Ra =
gPK(Ty, — Tc)L/va

s distance from the heated portion to the end of
the solution domain, Fig. 1, m

S non-dimensional distance (s/L)

T temperature, K

u, v velocity components along x- and y-axes,

respectively, m s~

1

Vo jet velocity, m s—

U, inlet cross flow velocity, ms™!

U,V  non-dimensional velocity components along X-
and Y-axes, respectively

X,y Cartesian coordinates, m

X, Y non-dimensional Cartesian coordinates (x/L,
y/L)

Greek symbols

o thermal diffusivity, « = (pc,/k), m*s~"

p coefficient of thermal expansion, K !

0 non-dimensional temperature

v kinematic viscosity, m?s !

p density, kgm

¢ general dependent variable which can stands for
O, 05 or ¥

10 porosity, (void volume/total volume of the por-
ous medium)

b4 non-dimensional stream function

Subscripts

c cold wall

h hot wall

f fluid

s solid

t total (fluid + solid)

cooling of a porous metallic foam heat sink in the forced
convection mode. They found the porous Aluminum foam
heat sink could enhance the heat transfer from the heated
horizontal source by impinging cooling. Their results show
that the heat transfer performance of the Aluminum foam
heat sink is 2-3 times larger than that without it. Recently
Saeid and Mohamad [14,15] presented the thermal perfor-
mance of the jet impingement cooling in porous media in
the mixed convection regime without the presence of the
cross flow. Their results show that increasing either the
Rayleigh number or jet width lead to increase the average
Nusselt number for high values of Péclet number. Narrow-
ing the distance between the jet and the heated portion
could increase the average Nusselt number as well. Saeid
and Mohamad [14] indicated that no steady-state solution
could be found in some cases; when the external jet flow
and the flow due to buoyancy are in conflict for domina-
tion. The present investigation is an extension of [14,15]
with the presence of the cross flow and for local thermally
non-equilibrium porous layer.

It should be noted here that the local thermal equilib-
rium in convection in porous media is not valid for many
cases as reported by various authors for different applica-
tions [3,16,17]. Schumann [18] suggested a simple two-
equation model to account for non-equilibrium condition

for incompressible forced flow in a porous medium. Vafai
and Sozen [17], extended the Schumann model to account
for compressible flow taking into account of Forchheimer
term and conduction effects in the gas and solid phases.
Recently the non-equilibrium model has been used in the
analysis of different convection heat transfer problems in
porous media by various authors [19-28]. In the non-equi-
librium modeling, it is required to know the volumetric
heat transfer coefficient between solid and fluid phases. In
fact, the volumetric heat transfer coefficient values depend
on the accuracy of the model assumptions and accuracy of
the input parameters, such as thermo-physical properties of
the solid matrix, effective thermal conductivity, boundary
conditions and effect of radiation, etc.

In the present study, the effect of the cross flow on the jet
impingement cooling of heated horizontal surface
immersed in a fluid saturated porous media is considered
as shown in Fig. 1. The fluid saturated the porous media
moving at a certain velocity, which can be lower or higher
than the velocity of the injected jet. Such flows are of inter-
est to engineers, for instance in cooling of electronic com-
ponents, paper drying, food industry and agricultural
products. The heated segment is assumed to be two times
the porous layer thickness, while the jet width is typically
small comparing with the porous layer thickness, it is
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Fig. 1. Schematic diagram of the physical model and coordinate system.

assumed to be (d/L =0.1). The objective of the present
study is to characterize the thermal performance of the
jet impingement cooling in thermally non-equilibrium por-
ous layer in the mixed convection regime with the limita-
tion of the Darcy model.

2. Governing equations

Fig. 1 illustrates the physical configuration of the pres-
ent study. The flow velocity in the porous layer is assumed
to be very low, therefore, the Darcy’s law is assumed to
hold and the thermal dispersion can be ignored. The Ober-
beck—Boussinesq approximation is used for the fluid den-
sity—temperature relationship. With these assumptions,
the continuity, Darcy and energy equation for steady,
two-dimensional laminar flow in an isotropic and homoge-
neous porous medium, using the thermally non-equilib-
rium model are:

ou Ov

. 1
oy 0 (1)
Ou Ov —gPK OT;

dy ox v Oy

oT oT 3Ty T
(pcp)f(ua—;ﬂa—yf) = @kt (—a 2f+a—2f) +h(Ts — Ty)

o’'T, O'T
(1 ok (G + S5 +

where u, v are the Darcy’s velocity components along x-
and y-axes, Tt is the fluid phase temperature, T is the solid
phase temperature and the other symbols are defined in the
nomenclature. Egs. (1)-(4) and the boundary conditions
may be written in dimensionless forms using the following
non-dimensional variables:

—-T)=0 (4)

_i_a_q’. _i__al‘”. Q_Tf_TC.
Ty, oy’ TV, ox ' T AT
T, —T. U,
s — ; M=—
0 AT Vo (5)

where AT = (T, — T,) together with non-dimensionaliza-
tion of all the lengths based on the porous layer thickness
(L) and denoting them by respective capital letters leads

to the following dimensionless forms of the governing
equations:

oW W —Radh

oy’ T ox? P X

(L 2 (T, T

(6)
)+H(0 o) (7)

0Y 0X oX oY ox? ' ar?
%0, 0,
a2 Toap (0 —065) =0 (8)

The boundary conditions for M =0 are defined in Ref.
[14]. In the present study the local thermal equilibrium
approximation is used in the boundary conditions. For
M >0, the boundary conditions are:

at X =—(14+8): ¥=MY, 0=0;=0 (9a)
9
X =1
at (1+S8): ax =0 (9b)
atY=0: ¥Y=0,0,=0,=1 for —1<X<1
.00y ofy
and otherwise Fanryan (9¢)
atY=1: 0,=0,=0, ¥ =M for —(1+S)<X < -D,
Y=X for —-D<X <D and
W=M+2D forD<X<(1+5) (9d)

where, the parameters arise in the non-dimensionlization
are defined as:
KATL L ~ L’
gﬁ—; pe:VL; Kr:(pikf; H:h_
Qoo Qo (1 — @)k k¢
(10)

Ra =

It is assumed that the fluid and solid phases have the same
temperature at the boundaries, i.e., equilibrium conditions.
The physical quantities of interest are the local and average
Nusselt number for the fluid and solid phases at the heated
wall segment, defined by:

NG N GLA
Nur =3 AT = (ay) M =rar = oy
(11)
— 1 [ (o0 — 1 /b o0,
Nue = 2 /4 - (W> y:odX’ s = 2 /4 - <§> y:odX
(12)

3. Numerical scheme

Eqgs. (6)—(8) subjected to the boundary conditions (9) are
integrated numerically using the finite volume method
[29,30]. The solution domain, therefore, consists of grid
points at which the discretization equations are applied.
The upper boundary has the jet inlet and the heat source
is located on the lower boundary as shown in Fig. 1. There-
fore, the regions near both the upper and lower boundaries
are important regions and, therefore, a uniform grid has
been selected in Y direction. Non-uniform grid has been
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selected in X direction such that the grid points clustered
near the center of the jet (Y-axis) where steep variations
of the dependent variables are expected. The locations of
the faces of the control volumes starting from the inlet of
the cross flow X = —(1 + S) to the Y-axis are defined as:

i—1
N -1

X)) =-1+S)+(1+5) i=1,2,...,N (13)
where N is the half of the total number of the grid points in
the horizontal direction. The locations of the grid points
are then calculated to be in the center of the control vol-
umes. In the positive X direction the same mesh is reflected
as if there is a mirror in the y-axis. The resulting algebraic
equations were solved by line-by-line using the Tri-Diago-
nal Matrix Algorithm iteration. The iteration process is ter-

minated under the following condition:

;\%—as:;‘ / ;j\«zﬁj

The developed code is essentially a modified version of a
code built and validated in previous work [14,27]. To check
the accuracy of the code for the present problem and the
results reported hereafter, energy balance has been em-
ployed since no experimental or numerical results were re-
ported for this problem.

The energy balance requires that the heat lost by the
lower hot portion must be equal to the heat transferred
to the upper cold portion plus the heat being carried out
by the fluid at the downstream end. The heat source and
heat sink can be written in the present formulation as:

. ! aef> 1 '/ o0
source — ~Av dX +— / <— —S) dx
0 [1 ( R) K. J_4 oY /v

(15a)

<107 (14)

The heat sink depends upon if there is a cross flow or not.
In the case when there is no cross flow (M = 0) the heat and
flow is symmetrical around y-axis. In this case the heat sink
is the upper boundary and the two exits of the fluid and de-
fined as:

. 1+S 661‘ 1 1+S a@s
Qsin :/ (__> dX+_/ <__> dx
T Llas ) TR L N Y

oy

2P —

+ 2Pe /0 ( a7

While in the case when M # 0 the heat sink is the upper
boundary and the one exits of the fluid and defined as:

. 1+S agf 1 1+ 00.
Qsin :/ (__> dX+_/ (__5> dx
: —aes) \ 0¥y Ke J ey \ 0¥y

1
+Pe/ (6_?’6) dY when M >0
0 oY 1+S

The energy balance has been checked for different flow con-
ditions and S =9 is selected to ensure correct exit bound-
ary conditions (9a) and (9b). Fig. 2 shows the calculated

0) dY when M =0 (15b)
145

(15c¢)

20

— O I 0.05
""" Oini ‘

Sl it 1
10 100 1-10° 110"
Iterations

Fig. 2. Variation of the calculated heat source and heat sink during
iteration (H = K, =1 and Ra = Pe = 100).

heat source and heat sink during the iteration. At the
beginning of the iteration solution, Qsuee is very large
and Qsink is very small because zero initial guess values
are used for 0p 0, and ¥. An oscillation in the values of
Qsource and Qsink is found during the iteration and finally
the two values converge as the iteration increases, as shown
in Fig. 2. The maximum error in the energy balance (the
percentage difference between Qsource and Qsink) is found
to be around 2% for different values of the governing
parameters.

Table 1 shows a comparison of the calculated values of
average Nusselt number for both fluid and solid phases at
different mesh sizes with M =1 and Ra = Pe =100. It is
evident that the (300 x 40) mesh gives grid independent
results, where the differences in the values of the average
Nusselt number using (300 x 40) and (600 x 80) mesh are
less than 2%.

Moreover, to check if S'is large enough to ensure correct
exit boundary conditions (9a) and (9b), the computational
domain is doubled in X-direction, (i.e. 1+ S =20) with
mesh size doubled also in the horizontal direction, i.e.
(600 x 40). The results show differences less than 0.5% in
the values of average Nusselt numbers due to duplication
of the computational domain and fixed other parameters.

Table 1
Comparison of the results at different mesh sizes with M =1 and
Ra = Pe=100

H K. Results with (300 x 40) Results with (600 x 80)

mesh mesh

Nug Nus Nug Nug
1000 1 6.156 5.282 6.188 5.303
100 1 6.911 4318 6.929 4.359
10 1 7.700 2.649 7.721 2.685
1 1 8.005 1.638 8.021 1.663
1 10 8.018 2.726 8.046 2.765
1 100 8.037 4933 8.069 4.991
1 1000 8.048 6.804 8.080 6.841
1000 1000 8.050 8.046 8.082 8.074
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Therefore the mesh size (300 x 40) in the horizontal and
vertical directions respectively with S =9 can be consid-
ered to give satisfactory good results and adopted for
results generation in the next section.

4. Results and discussion

A parametric study is carried out and the results
have been obtained to show the effect of the governing
parameters on the heat and fluid flow characteristics.
The governing parameters and their ranges considered in
the present study are: cross flow to jet flow velocity
ratio parameter (0 < M < 1); porosity scaled thermal con-
ductivity ratio parameter (0.1 < K, < 1000); heat transfer
coefficient parameter (0.1 < H < 1000); Péclet number
(1 < Pe<1000) and Rayleigh number with the Darcy
model limitations (10 < Ra < 100). The reader may expect
some more parameters, like the jet width and the distance
from the jet to the heated surface. The effects of these
parameters are studied in details in the recent paper by
Saeid and Mohamad [14] and omitted from the present
investigation for brevity.

To demonstrate the effect of the cross flow on the heat
and fluid flow characteristics, the results are presented in

Fig. 3 for local thermal equilibrium conditions with fixed
Ra = Pe=100. It is noted from previous studies [19-28]
that the local thermal equilibrium condition is satisfied
with high values of porosity scaled thermal conductivity
ratio parameter and heat transfer coefficient parameter.
Fig. 3 shows the effects of imposing different cross flow
to jet flow velocity ratio on the streamlines and isotherms
for both fluid and solid phases, which are exactly identical,
with H = K, = 10°. Without the presence of the cross flow
(M = 0), the streamlines and isotherms in Fig. 3a and the
local Nusselt number in Fig. 4 show symmetry around
the y-axis. A combined effect of jet impingement and cross
flow can be observed in Fig. 2b where a counterclockwise
rotating cell are formed near the jet due to the presence
of the cross flow with M =0.05. For this case
(M = 0.05), Fig. 4 shows that the local Nusselt number is
substantially degraded near X =0 region, where the jet
flow and the parallel flow are approximately of same
strength. On the other hand, for high values of the cross
flow to jet flow velocity ratio (M), Figs. 2d and e show
the domination of the parallel flow and vanishing the effect
of the jet flow. The variation of the local Nusselt number
along the heated portion, shows the usual variation of
the parallel flow for the cases with M =0.5 and M =1 as

=
2.5 -2 -1.5 - -0.5 [ . 15 2 25

T T T
-2.5 -2 -1.5 1 -0.5 0 0.5 1 15 2 25

— | — -
-25 -2 -1.5 - -0.! . 15 2 25

T
-2.5 -2 -1.5

(b) M =0.05 (A¥=0.01, A6 ,=0.05)

T
-25 -2 -1.5 -1 -0.5 0 0.5 1 15 2 25

-2.5 -2 -1.5 -1 0. 0.5 1 15 2 25

() M=0.10 (A¥=0.01, A8, =0.05)

T T
-25 -2 -15 - -0.5 0 0.5 1 15 2 25

25 -2 -15 -1 -05 0 0.5 1 15 2 25

(d) M =0.50 (A¥ =0.04, A6,=0.05)

0.5

-2.5 -2 -1.5

(e) M=1.00 (A¥=0.1, A8, =0.05)

Fig. 3. Streamlines (left) and isotherms (right) for local thermal equilibrium condition with Ra = Pe = 100 and H = K, = 10> (only important region is

shown).
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100 T T T T T

0.1 Il Il Il Il Il Il Il Il Il

Fig. 4. Variation of local Nusselt number along the heated portion under
local thermal equilibrium condition with Ra=Pe=100 and
H=K, =10

shown in Fig. 4. The results presented in Figs. 3 and 4
clearly show the lost of the symmetry with the presence
of the cross flow.

It is interesting to examine the effect of different values
of M on the average Nusselt number under the local ther-
mal non-equilibrium conditions. Figs. 5 and 6 show the
effects of local thermal non-equilibrium parameters H
and K, on the variation of average Nusselt number with
M for fixed Ra = Pe =100. The results for the local ther-
mal equilibrium conditions (H = K, = 10°) are presented
in Figs. 5 and 6 for comparison. It is interesting to point
out that for different local thermal non-equilibrium condi-
tions, the average Nusselt number of the fluid phase shows
a minimum values at around M = 0.05. The details of the
thermal fields of both fluid and solid phases are shown in
Fig. 7 for M = 0.05 with different local thermal non-equi-
librium conditions. It is worth mentioning that the stream-
lines for these cases are almost same as that presented in
Fig. 3b for local thermal equilibrium conditions.

T
000 H=Kr=1000 (Nuy = Nuy)

Nu. with K; = 1000, 100, 50, 20, 10, 5,2, 0.1
1

1
0.01 0.1 1
M

Fig. 5. Variation of average Nusselt numbers with cross flow to jet flow
velocity ratio, H =1 and Ra = Pe = 100.

10

T
000 H=Kr=1000 (Nus = Nuy)

M/ with H = 1000, 100, 50, 10, 1
A

\ ]
Nu, with H = 1000, 100, 50, 10, 1
1 1
0.01 0.1 1
M

Fig. 6. Variation of average Nusselt numbers with cross flow to jet flow
velocity ratio, K. =1 and Ra = Pe = 100.

The porous medium, with low porosity ¢ and/or low
thermal conductivity of the fluid compared to that of solid,
has low thermal conductivity ratio parameter K, for exam-
ple the metal foams. In this case the thermal resistance of
the solid phase is the minimum and most of the heat will
be carried out by conduction through the solid phase and
partly by the fluid phase. In this case also, the average Nus-
selt number of the solid phase is almost constant and not
dependent on how much the jet or the cross flow velocity
are as shown in Figs. 5 and 6. Increasing the values of K,
leads to the increase in the average Nusselt number of
the solid phase and for very high values of K, the variation
of Nug will approach that of Nu; as shown in Fig. 5. The
results presented in Fig. 5 and Table 1 indicate also a slight
effect of the porosity scaled thermal conductivity ratio
parameter on the variation of Nu; and it is almost same
as that for the local thermal equilibrium conditions. This
is because the fluid phase temperature field is approxi-
mately not affected by the solid phase temperature field
with H =1 and different values of K, as shown in Figs.
7a— for M = 0.05.

Similar variations of Nu, and Nu; with M are shown in
Fig. 6 with different values of H and fixed K. =1 and
Ra = Pe =100. At small values of H (H = 1), the thermal
field in the fluid phase shown in Fig. 7c¢ is approximately
same as that under the local thermal equilibrium condition
shown in Fig. 3b for M = 0.05. Therefore, the values of Nug
is approaching that for the thermally equilibrium model as
shown in Fig. 6. Mathematically, as H — 0, Eq. (7) will
reduce to the energy equation for fluid phase at the ther-
mally equilibrium model and Eq. (8) will represent the pure
conduction equation through the solid phase. Due to this
reason, the variation of Nu, with M is approximately con-
stant for H =1 and K, =1 as shown in Fig. 6. The results
show that increasing the heat transfer coefficient parameter
leads to reduce Nu; and increase Nu, with fixed other
parameters as can be seen from Fig. 6 and Table 1. This
is because increasing the heat transfer coefficient between
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(b) H=1,K, =10 (A8, =A8, = 0.05)

— T
-2.5 -2 -1.5 15

(e) H=100, K; =1 (A8,=A6,=0.05)

Fig. 7. Isotherms for fluid (left) and soild (right) for local thermal non-equilibrium condition with M = 0.05, and Ra = Pe = 100.

the solid and the fluid leads to transfer part of the heat
from the fluid to the solid matrix in its way from hot region
to cold region. This is also obvious by comparing the iso-
therms of both the solid and the fluid presented in Figs.
Tc—e.

It is of practical importance to determine the average
total heat transfer (by fluid and solid) per unit area from
the heated segment, which can be calculated, by assuming
that the surface porosity is equal to the porosity, as:

7 1 t "
q; :Z/_qu(x)dx

-1 [* oT¢ oTs
2L |, { ! W/, ( ) W/,

The total (effective) average Nusselt number can be defined
based on the average total heat transfer, defined in Eq. (16)
and overall (effective) thermal conductivity of the porous
medium. Kaviany [3] incorporated in his book 13 different
definitions for the effective thermal conductivity of the por-
ous medium. In general the weighted arithmetic, harmonic
and geometric means of kr and kg with weighting factors ¢
and (1 — ¢) are used, see Nield [31]. The arithmetic mean
ket = k¢ + (1 — @)k, gives the appropriate overall conduc-

(16)

tivity if the heat conduction in the fluid and solid phases is
entirely in parallel. In this case, the total average Nusselt
number can be defined as:

AT{(pkf + (1 - (P)ks}

e [ GE),L - (), e o

The total average Nusselt number is calculated for fixed
cross flow (M = 1) and different local thermal non-equilib-
rium conditions to show the effects of Péclet number and
Rayleigh number and the results are depicted in Figs. 8
and 9. Fig. 8 shows the variation of Nu, with Pe for both
Ra =10 and Ra = 100 with different values of H and con-
stant K, = M = 1. In this case, Fig. 8 shows that, for fixed
values of H and K, the difference in the total average Nus-
selt number (for Ra = 100 and Ra = 10) is largest for small
values of Péclet number (free convection), and this differ-
ence diminishes with an increase in Péclet number (forced
convection). It is interesting to observe that there is an
inflection point (at around Pe = 10) in the variation of
Nu, with Pe with different values of the heat transfer coef-
ficient parameter shown in Fig. 8. For small values of Péc-
let number (free convection), the increase of H leads to
reduce the variation of Nu, with Pe. In contrast, when the

Nu,
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- Ra=10

Ra =100;

H=0.1, 1, 10, 100, 1000

Nu,

H=0.1, 1, 10, 100, 1000
1 1 1

1 10 100 1103
Pe

Fig. 8. Variation of total average Nusselt number with Peclet number
with M =1 and K, = 1.

values of Péclet number are high (forced convection), the
increase of H leads to increase the values of Nu, as shown
in Fig. 8.

The effect of the thermal conductivity ratio parameter
on the variation of Nu, with Pe is studied for Ra = 10, 50
and 100 and constant H = M = 1. As mentioned ecarlier,
the effect of the Rayleigh number is clear only for flows
with low values of Péclet number. Fig. 9 shows that the
increase of the thermal conductivity ratio parameter leads
to a substantial increase in the variation of Ny, in both
the free convection and forced convection modes. To have
better insight of the effect of Péclet number, the streamlines

100 T T

~ Ra=10

1
1 10 100 110’
Pe

Fig. 9. Variation of total average Nusselt number with Peclet number
with M =1 and H=1.

and isotherms for both fluid and solid phases are presented
in Fig. 10 for Ra =50 and M = H = K, = 1. At low values
of Péclet number, the free convection heat transfer is dom-
inated, where two opposite rotating cells of the fluid are
formed above the heated surface as shown in Fig. 10a.
Increasing the Péclet number, the two rotating cells of
the fluid become weaker and the external flow from both
the jet and the cross flow start to play a role in the heat
transfer as shown in Figs. 10b and c. Increasing further
the Péclet number leads to the domination of the external
flow and diminish the effect of the buoyancy driven flow
as shown in Fig. 10d. It is interesting to observe that the

(d) Pe =100 (A¥=0.1, AB,=A6,=0.05)

Fig. 10. Streamlines (left) Isotherms (right, solid lines for 0y and dash lines for 6;) for local thermal non-equilibrium condition with M = H = K, =1 and

Ra = 50.
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thermal field of the solid phase is affected with the change
in the strength of the external flow.

Finally, it should be mention that oscillatory convection
is expected for small values of cross flow (M <0.1) and
Péclet number (Pe < 10) especially for high values of Ray-
leigh number (Ra = 100) and any value of the local thermal
non-equilibrium parameters (H and K;). The oscillatory
convection in porous layer is studied in details for similar
problem; see for example, Lai and Kulacki [32] and Saeid
and Mohamad [14].

5. Conclusions

The interaction of a vertical jet and a horizontal cross
flow cooling of a horizontal surface immersed in a fluid sat-
urated porous media is investigated numerically under
local thermal non-equilibrium conditions. The mathemati-
cal model is derived for steady, two-dimensional laminar
flow based on Darcy model and two-energy equation for
fluid and solid phases. The governing parameters and their
ranges considered in the present parametric study are: cross
flow to jet flow velocity ratio parameter (0 < M < 1);
porosity scaled thermal conductivity ratio parameter
(0.1 < K, < 1000); heat transfer coefficient parameter
(0.1 < H < 1000); Péclet number (1 < Pe < 1000) and Ray-
leigh number with the Darcy model limitations
(10 < Ra < 100). The total average Nusselt number is
defined based on the overall thermal conductivity, which
is assumed to be the arithmetic mean of the porosity scaled
thermal conductivity of the fluid and solid phases. The
total average Nusselt number as well as the average Nusselt
number for both fluid and solid phases is presented for dif-
ferent governing parameters. Without the presence of the
cross flow (M = 0), the local Nusselt number and the fluid
and heat flow show symmetry around the centerline of the
jet. Imposing cross flow with small velocity ratio
(M =0.05), the local Nusselt number is substantially
degraded near X = 0 region, where the jet flow and the par-
allel flow are approximately of same strength. On the other
hand, for high values of the cross flow to jet flow velocity
ratio (M); the results show the domination of the parallel
flow and vanishing the effect of the jet flow. The results
show that, the average Nusselt number calculated from
the thermal equilibrium model are the maximum possible
values and these values can be reproduced by large values
of H x K..
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