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Abstract

In the present article the jet impingement cooling of heated portion of a horizontal surface immersed in a fluid saturated porous media
is considered for investigation numerically. The jet direction is considered to be perpendicular from the top to the horizontal heated ele-
ment; therefore, the external flow and the buoyancy driven flow are in opposite directions. The governing parameters in the present prob-
lem are Rayleigh number, Péclet number, jet width and the distance between the jet and the heated portion normalized to the length of
the heated element. The results are presented in the mixed convection regime with wide ranges of the governing parameters with the lim-
itation of the Darcy model. It is found for high values of Péclet number that increasing either Rayleigh number or jet width lead to
increase the average Nusselt number. Narrowing the distance between the jet and the heated portion could increase the average Nusselt
number as well.

No steady-state solution can be found in some cases; when the external jet flow and the flow due to buoyancy are in conflict for dom-
ination. The results from the unsteady governing equations in these cases show oscillation of the average Nusselt number along the
heated element with the time without reaching steady state.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The characteristics of the jet impingement cooling
through horizontal porous layer are important from theo-
retical as well as application points of view. In general,
convection in porous media has received considerable
attention from many researchers due to its wide engineer-
ing applications in, for example, insulation of buildings,
geothermal engineering, grain storage, solar collectors,
electronic components cooling, etc. Representative studies
participating to this area and convection heat transfer, in
general, can be found in the recent books [1–5].

Free and mixed convection from a horizontal surface in
saturated porous media have been a subject of many inves-
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tigations based on the boundary layer approximations; see
for example [6–11]. In these studies, the cooling of the
heated horizontal surface is assumed by parallel flow with
the heat source. Because Darcy model is valid for low Ray-
leigh numbers and the boundary layer theory is applicable
for high Rayleigh numbers, it is more accurate to consider
the full governing equations. Prasad and Kulacki [12],
Prasad et al. [13] and Lai et al. [14] have considered the
full equations based on Darcy model to study the natural
and mixed convection in horizontal porous layer heated
from below. They consider the cooling of the heated hori-
zontal surface by parallel flow with the heat source also.
Although the literature shows that the jet impingement
through pure (non-porous) fluid has been studied exten-
sively (see, for example [15–17]), but it is noticeable that
the jet impingement cooling through porous medium has
received relatively less attention. Prakash et al. [18] and
Fu and Huang [19] have considered the impinging jet
studies in enclosures with and without a porous layer. A
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Fig. 1. Schematic diagram of the physical model and coordinate system.

Nomenclature

d half of the width of the jet, Fig. 1
g gravitational acceleration
h distance between the jet and the heated portion,

Fig. 1
K permeability of the porous medium
L half of the heat source length, Fig. 1
Nu local Nusselt number, Eq. (9)
Nu average Nusselt number along the heat source,

Eq. (9)
p pressure
Pe Péclet number, Pe = V0L/a
Ra Rayleigh number for porous medium,

Ra = gbK(Th � Tc)L/ta
s distances from the heated portion to the end of

the solution domain, Fig. 1
t time
T temperature
u, v velocity components along x- and y-axes,

respectively

V0 jet velocity
U, V non-dimensional velocity components along X-

and Y-axes, respectively
x, y Cartesian coordinates
X, Y non-dimensional Cartesian coordinates

Greek symbols

a effective thermal diffusivity
b coefficient of thermal expansion
h non-dimensional temperature
l dynamic viscosity
t kinematic viscosity
q density
r ratio of composite material heat capacity to con-

vective fluid heat capacity
s non-dimensional time
/ general dependent variable which can stands for

either h or W
W non-dimensional stream function
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detailed flow visualization experiment has been carried out
by Prakash et al. [18] to investigate the effect of a porous
layer on flow patterns in an overlying turbulent flow with-
out heat transfer. They studied the effect of the parameters
such as the jet Reynolds number, the permeability of the
porous foam, the thickness of the porous foam and the
height of the overlying fluid layer. Fu and Huang [19]
investigated numerically the effects of a laminar jet on the
heat transfer performance of three different shape (rectan-
gle, convex and concave) porous blocks mounted on a
heated plate. They neglected the buoyancy effects and con-
sidered the forced convection mode only. Their results
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 transfer. Recently Jeng and
Tzeng [20] studied numerically the air jet impingement
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. In the
present study, the effect of the buoyancy on the jet impinge-
ment cooling of heated horizontal surface immersed in a
fluid saturated porous media is considered as shown in
Fig. 1. The objective of the present study is to characterize
the thermal performance of the jet impingement cooling in
porous media in the mixed convection regime with the lim-
itation of the Darcy model. The governing parameters in
the present problem are the jet width d, the jet velocity
V0, the distance between the jet and the heat source h,
the temperature difference between the heat source and
the jet and the heat source length in additional to the phys-
ical properties of the porous media and the fluid. These
parameters can be reduced to a number of dimensionless
groups as given in the next section.

2. Governing equations

To ensure the accuracy of the results, the full two-
dimensional equations are considered instead of the
boundary layer equations together with the following
assumption:

1. The convective fluid and the porous media are in local
thermal equilibrium.

2. The properties of the fluid and the porous media are
constants.

3. The viscous drag and inertia terms of the momentum
equations are negligible, which are valid assumptions
for low Darcy and particle Reynolds numbers.
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4. The Boussinesq approximation is valid.
5. Darcy law is applicable.

Under these assumptions, the conservation equations
for mass, momentum and energy for the two-dimensional
steady flow are [1]
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where the subscript 0 for reference point and the Bous-
sinesq approximation q ffi q0[1 � b(T � T0)] is used in the
body force term in Eq. (2b). By eliminating the pressure
p from Eqs. (2a) and (2b) a single momentum equation
can be derived as
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where t is the kinematic viscosity l/q0. Eqs. (1), (3) and (4)
may be written in terms of the stream function defined as
u = ow/oy and v = �ow/ox. Subsequent non-dimensionali-
sation using

U ¼ u
V 0

¼ oW
oY

; V ¼ v
V 0

¼ �oW
oX

; h ¼ T � T c

T h � T c

ð5Þ

together with non-dimensionalisation of all the lengths
based on the one half of the length of the heated surface
(L) and denoting them by respective capital letters leads
to the following dimensionless forms of the governing
equations:
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where the Rayleigh number and Péclet numbers are defined
respectively as Ra ¼ gbKðT h�T cÞL

ta ; Pe ¼ V 0L
a .

The flow and heat transfer characteristics are symmetri-
cal around y-axis as shown in Fig. 1. Due to this symmetry,
only one half is considered for the computational purpose
and the boundary conditions are

oWð0; Y Þ=oX ¼ ohð0; Y Þ=oX ¼ 0 ð8aÞ
oWð1þ S; Y Þ=oX ¼ ohð1þ S; Y Þ=oX ¼ 0 ð8bÞ
WðX ; 0Þ ¼ 0; hðX ; 0Þ ¼ 1 for 0 6 X 6 1

and otherwise ohðX ; 0Þ=oY ¼ 0 ð8cÞ
hðX ;HÞ ¼ 0; WðX ;HÞ ¼ X ; for 0 6 X 6 D

and otherwise WðX ;HÞ ¼ D ð8dÞ
The physical quantities of interest in the present investiga-
tion are the local and the average Nusselt numbers along
the hot surface which are defined respectively as

Nu ¼ � oh
oY

� �
Y¼0

; and Nu ¼
Z 1

0

NudX ð9Þ
3. Numerical scheme

Eqs. (6) and (7) subjected to the boundary conditions (8)
are integrated numerically using the finite volume method
[21]. The central differencing scheme is used for the diffu-
sion terms of the energy equation (7) as well as for the
momentum Eq. (6). The quadratic upwind differencing
QUICK scheme [22] is used for the convection terms for-
mulation of the energy equation (7). The linear extrapola-
tion, known as mirror node approach, is used for the
boundary conditions implementation. The resulting alge-
braic equations were solved by line-by-line using the Tri-
Diagonal Matrix Algorithm iteration. The iteration process
is terminated under the following condition:

X
i;j

j/n
i;j � /n�1

i;j j
,X

i;j

j/n
i;jj 6 10�5 ð10Þ

where / is the general dependent variable which can stands
for either h or W and n denotes the iteration step. The grids
are stretched in the X-direction, where steep variations in
thermal and velocity fields are expected near the heat
source.

To check the accuracy of the present numerical method
and the results reported hereafter, energy balance has been
employed since no experimental or numerical results were
found for this problem. The developed code is essentially
a modified version of a code built and validated in previous
work [23–25]. The energy balance requires that the heat lost
by the lower hot portion must be equal to the heat trans-
ferred to the upper cold portion plus the heat being carried
out by the fluid at the downstream end. This energy bal-
ance can be written in the present formulation as
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The energy balance has been checked for different mesh
sizes and the results are presented in Table 1. In Table 1,
% error is used to show the percentage error in the energy
balance and it means (RHS � LHS) * 100/RHS, where
RHS and LHS are the right hand side and the left hand
side of Eq. (11) respectively. It is found from Table 1 that
the mesh size (151 · 31) in the X- and Y-directions respec-
tively with S = 4 gives satisfactory good results. The max-
imum error in the energy balance is found to be less than
0.4% for the rage of 10 6 Pe 6 1000 and Ra = 100. The
difference in the values of the average Nusselt number



Table 1
Comparison of the results at different mesh sizes with Ra = 100, S = 4,
D = 0.9 and H = 1.0

Pe Mesh size (151 · 31) Mesh size (301 · 61)

RHS of
Eq. (11)

% Error in
Eq. (11)

RHS of
Eq. (11)

% Error in
Eq. (11)

1 3.859 0.196 3.932 0.682
10 1.866 0.235 1.850 0.159
50 5.302 0.375 5.240 0.201

100 7.410 0.008 7.282 0.211
500 16.429 0.040 16.075 0.060

1000 23.207 0.030 22.701 0.040
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using (151 · 31) and (301 · 61) is around 2%. Moreover, to
check if S is large enough to ensure correct exit boundary
condition (8b), the computational domain is doubled in
X-direction (i.e. 1 + S = 10) with mesh size (301 · 61).
The results show differences less than 0.05% in the values
of average Nusselt number due to duplication of the com-
putational domain and fixed other parameters. Hence
S = 4 can be considered large enough to get acceptable
accurate results and it is fixed with mesh size (151 · 31)
to generate the results hereafter.

4. Results and discussion

The results are presented as average Nusselt number
against Péclet number for different values of the parame-
ters Ra, D and H. The range of the parameters are
1 6 Pe 6 1000, 10 6 Ra 6 100, 0.1 6 D 6 0.9 and 0.1 6
H 6 1.0.

The variation of average Nusselt number with Péclet
number for different values of Rayleigh number is shown
in Fig. 2 with fixed values of H = 1 and D = 0.1. In the
cases of natural convection domination at low values of
Péclet number, the effect of Pe is negligible on the heat
transfer process. In this case (natural convection domina-
tion), the average Nusselt number can be increased by
1 10 100 1.103
1

10

Nu

Ra = 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 

Pe

Fig. 2. Variation of average Nusselt number with Péclet number with
H = 1 and D = 0.1.
the increase in the Rayleigh number as shown in Fig. 2
(Note that in Fig. 2, the logarithmic scale is used for both
Nu and Pe). On contrast to that, at forced convection dom-
ination with high values of Pe, Fig. 2 shows that the effect
of Rayleigh number is diminished and the variation of Nu
with Pe for different values of Ra forming a single curve
for Pe > 300. It can be observed from Fig. 2 that the values
of Nu and therefore the heat transfer show minimum values
for moderate values of Péclet number with high values of
Rayleigh number. These values of Pe which result in min-
imizing the heat transfer are in-between the values of Pe for
natural and forced convection domination, which is known
as mixed convection. The present mixed convection mode
is of opposing nature always since the jet flow is always
opposing the buoyant flow. The value of Pe at which min-
imum Nu occurs depends on Ra and at low values of Ra

this case where Nu shows minimum value is not obvious.
It is worth mentioning that, in practice, the jet width is

usually small comparing with the heated element. More-
over, numerical convergence difficulties encountered for
high values of D, especially at high values of Ra where
an oscillatory convection is expected as discussed in the
next section.

Fig. 3 depicted the details isotherms and streamlines for
different values of Pe and fixed values of H = 1, D = 0.1
and Ra = 100, in which the mixed convection mode is clear
as presented in Fig. 2. The isotherms and streamlines
shown in Fig. 3(a) and (b) for Pe = 1 and Pe = 10 respec-
tively indicating natural convection domination. The
isotherms are cluster near the heat source and two cells
rotating the fluid oppositely were formed above the heat
source. The streamlines of the jet are comparatively weak
and not obvious in theses cases. At Pe = 40, Fig. 2
shows that Nu ¼ 3:141 which is the minimum value for
Ra = 100, the isotherms and stream lines for this case are
shown in Fig. 3(c). At this value of Pe, the flow from the
jet modified the flow of the two cells and pushing them
away from the heat source. The isotherms are modified
as well, where the isotherms above the heat source become
approximately parallel to the horizontal, indicating con-
duction heat transfer mode and hence reducing Nu. In the
forced convection domination, where Pe is high, the two
rotating cells disappeared as shown in Fig. 3(d) and (e).
The isotherms show high negative gradients; especially in
Fig. 3(e), which leads to increase the heat transfer from
the heated element.

The effect of the distance from the jet exit to the heat
source on the variation of Nu with Pe is studied with con-
stant values of other parameters (D = 0.5 and Ra = 50).
For natural convection domination (Pe < 10), Fig. 4 shows
that Nu is approximately constant with the increase in Pe.
The effect of the distance H, when H > 0.7 is not obvious
for Pe < 10 and in order to increase the heat transfer the
jet (and the upper cold wall) should be closer to the heated
element. Fig. 4 shows that values of Nu are increasing with
the increase of Pe in the forced convection domination
mode, similar to that shown in Fig. 2. The variation of
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Fig. 3. Isotherms (left), streamlines (right) with H = 1.0, D = 0.1, and Ra = 100.
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Nu with Pe is linear, when the logarithmic scale is used as
shown in Fig. 4. Fig. 4 shows also that narrowing the dis-
1 10 100 1.1031

10

100
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H = 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1 

Pe

Fig. 4. Variation of average Nusselt number with Péclet number with
D = 0.5 and Ra = 50.
tance H from 0.2 to 0.1 leads to substantial increase in Nu.
While the enhancement of the heat transfer due to the
change of H from 1 to 0.5 is relatively less than that due
to narrowing the distance H from 0.2 to 0.1 especially at
low values of Pe.

Next, the variation of the average Nusselt number with
Péclet number is presented in Fig. 5 with different values of
the jet width D and fixed values of H = 1 and Ra = 50.
Fig. 5 shows that at small values of Pe (Pe < 7), where
the natural convection dominated the average Nusselt
number with small jet area is more than that of big jet area.
This is due to the fact that small jet area generating weak
opposing flow to the buoyant flow for this limits of Pe

and Ra. It is observed from Fig. 5 that at Pe = 7 same val-
ues of Nu were found regardless of the values of D. While at
Pe > 7 (convection domination mode), the average Nusselt
number with high values of D is higher than that at small
values of D. This indicates the effect of increasing the jet
mass flow rate by increasing D and hence increasing the
forced convective heat transfer.
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Fig. 6. Transient response of the average Nusselt number with H = 1 and
D = 0.9 and Ra = 100.
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5. Oscillatory convection

No convergent solution can be obtained for some condi-
tions of the flow when the external jet flow and the flow due
to buoyancy are in conflict for domination. This is
observed for large jet width, for example D = 0.9 with
H = 1 and high Rayleigh number (Ra = 100) with small
values of Pe (for example Pe = 5). In these cases an oscil-
latory convection is expected as many mixed convection
problems heated from below; see for example [26]. This
problem of oscillatory convection needs to be solved using
the unsteady set of governing equations. The momentum
equation is same as in the steady-state case, Eq. (6) and
the energy equation becomes:

oh
os
þ Pe

oW
oY

oh
oX
� oW

oX
oh
oY

� �
¼ o2h

oX 2
þ o2h

oY 2

� �
ð12Þ

where s = at/rL2, t is the time and r is the ratio of compos-
ite material heat capacity to convective fluid heat capacity.
The initial conditions are assumed to be zero values for
both W and h, the boundary conditions are same as those
defined in Eq. (8). The fully implicit scheme is used with
time step Ds = 0.01 and the results show negligible differ-
ences with Ds = 0.001. Although the same momentum
Eq. (6) is used for both steady-state and oscillatory flow,
but in the unsteady state the thermal field will affect the
velocity field due to the buoyant term in Eq. (6). In the
numerical solution the momentum and energy equations
are solved simultaneously at each time step and, therefore,
the velocity field instantly response to the changes in the
temperature field.

Fig. 6 shows the transient response of the average Nus-
selt number with H = 1, D = 0.9 and Ra = 100 where oscil-
latory convection is found at some values of Pe. The
sudden heating of the lower element is imposed and the
average Nusselt number is calculated, which show very
high value at the first time step. This is evident in any sud-
denly heated convection problem. With increasing the time
the average Nusselt number goes down and then increased
to reaches its steady state value for low Pe as shown in
Fig. 6 (Pe = 1 and Pe = 3). Fig. 6 shows the steady state
can be achieved for Pe = 10 also after small oscillations.
While, for Pe = 5 and Pe = 7 the oscillation of Nu is a peri-
odic oscillation and no steady state value of Nu can be
found. Fig. 6 shows the steady state value of Nu when
Pe = 1 is higher than that when Pe = 3 and Pe = 10. This
indicates mixed convection mode as that presented in
Fig. 2. Therefore, the oscillatory convection is expected
in the mixed convection mode at some values of Pe, which
are depending on the other parameters H, D and Ra. Table
2 shows the conditions at which the oscillatory convection
occurring with fixed H = 1. It can be observed form Table
2 that oscillatory convection occurring at high values of Ra

and D and the range of Pe at which the oscillatory convec-
tion occurring is reducing with the reduction of Ra.

The isotherms and the streamlines are shown in Fig. 7
for the oscillatory convection case discussed above with
Pe = 5. The isotherms and the streamlines are shown for
three time steps, when Nu is maximum, minimum and
approximately average. At time steps when Nu shows max-
imum, Fig. 7(a) shows the jet flow is reaching the heated
element and the isotherms show the gradients near the ele-
ment, which leads to the increase in Nu. The streamlines
show that there is another anticlockwise rotating cell near
the heated element due to buoyancy. At the time step when
the Nu have approximately average value (Fig. 7(b)) the
anticlockwise rotating cell near the heated element due to
buoyancy is enlarged and moved to rotate the fluid above
the heated element. The gradients of the isotherms near
the heated element are changed to be approximately
parallel to heat source. While at the time when Nu shows
minimum value (Fig. 7(c)), the streamlines show the
anticlockwise rotating cell near the heated element starting
to move away from the heat source and forming a stagna-
tion region above around half of its length. The isotherms
in this case show parallel lines to the horizontal indicating



Table 2
Ranges of Pe at which the oscillatory convection occurring with H = 1

RanD 0.9 0.8 0.7 0.6 0.5 0.4 0.3

100 4! 9 4! 9 5! 12 6! 13 7! 15 9! 17 16! 20
90 4! 8 4! 9 5! 11 6! 12 7! 13 9! 15 –
80 4! 8 4! 9 5! 9 6! 10 7! 10 9 –
70 4! 6 4! 7 5! 7 6! 7 – – –
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(c) At time steps when Nu  = 2.138 (minimum) 

Fig. 7. Isotherms (left), streamlines (right) for oscillatory condition with H = 1.0, D = 0.9, Ra = 100 and Pe = 5 (DW = 0.1, Dh = 0.05).
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the conduction mode of heat transfer. It can be seen from
Fig. 7 the oscillation of the direction of the jet, from turn-
ing left and right during the oscillatory convection.

6. Conclusions

The jet impingement cooling of heated portion of a hor-
izontal surface immersed in a fluid saturated porous media
is investigated numerically. The external jet flow and the
buoyancy driven flow are chosen to be in opposite direc-
tion. The dimensionless governing parameters results from
the mathematical model are the Rayleigh number, Péclet
number, jet width and the distance between the jet and
the heated portion normalized to the length of the heated
element. After validation of the numerical method, the
results are presented in the mixed convection regime with
wide ranges of the governing parameters with the limita-
tion of the Darcy model. The numerical results are pre-
sented as average Nusselt number along the heated
element against Péclet number for different values of the
governing parameters. It is found for high values of Péclet
number that increasing either the Rayleigh number or jet
width increases the average Nusselt number. Narrowing
the distance between the jet and the heated portion could
increase the average Nusselt number. The values of average
Nusselt number show minimum values for some values of
Péclet number for mixed convection conditions. The value
of Pe at which minimum Nu occurs depends on Ra and at
low values of Ra this case where Nu shows minimum value
is not obvious. No steady-state solution can be found in
some cases; when the external jet flow and the flow due
to buoyancy are in conflict for domination. The results
from the unsteady governing equations in these cases show
oscillation of the average Nusselt number along the heated
element with the time without reaching steady state.
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