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Abstraet--A study of a porous block mounted on a heated wall in a laminar flow channel to enhance 
convection heat transfer rate was investigated numerically. A numerical method of SIMPLEC is adopted 
to solve governing equations, as for the energy equation, one-equation thermal model with Van Driest's 
wall function is considered. The parameters that include porosity e, particle diameter Dp, Reynolds number 
Re, and blocked ratio HP are studied, and for simulating more realistically, the porosity is taken into 
consideration as variable. All the non-Darcian effects including the channeling effects, solid boundary 
effects, and inertial effects are also considered. The effects of the above parameters on the thermal 
performance of the heated wall are examined in detail. The results indicate that for HP = 0.5 case the 
thermal performances are enhanced by using a porous block with higher porosity and particle diameter. 

However, the results are the opposite for HP = 1.0. Copyright © 1996 Elsevier Science Ltd. 

INTRODUCTION 

Porous media have large contact surfaces with fluids 
which enhance heat transfer performance, hence, 
there are wide investigations of heat transfer and 
transport phenomena in the porous media for many 
industrial applications such as heat exchangers, the 
packed-sphere bed, electronic cooling, chemical cata- 
lytic reactors, drying processes, heat pipe technology, 
etc. 

Vafai and Tien [1] used volume-averaging tech- 
nique to derive the transport equations describing the 
effects of both the solid boundary and inertia forces 
on flow and heat transfer in porous media. The non- 
Darcian effects, including the solid boundary and iner- 
tia effects, were more noticeable for high porosity, 
high Prandtl number and large pressure gradients. 
Kaviany [2] investigated heat transfer in porous media 
bounded by two isothermal parallel plates in laminar 
forced convection. The results showed that the Nusselt 
number in the fully developed region increased with 
increasing porous media shape factor 7 (=  (HZe/ 
K)I"2). Benenati and Brosilow [3] measured the 
porosity variation in packed beds and showed that 
the porosity was a function of the distance from the 
boundary. Vafai [4] analyzed the influences of chan- 
neling effect and inertia forces on convection flow and 
heat transfer in porous media, and found that the 
channeling effect indicated a significant influence on 
the increase of the Nusselt number for high porosity 
and high Reynolds number conditions. Vafai et al. [5] 
used both experimental and numerical methods to 
study forced convective heat transfer in uniform-size- 
bead porous media. The aspect ratio of the above test 
section was equal to 4, and the non-Darcian effects 

included solid boundary effect, inertia effect and chan- 
neling effect. The results mentioned that the deviation 
between experimental and numerical analyses may be 
induced by both the channeling effect and solid 
boundary effect being neglected in the numerical com- 
putation. Hence all non-Darcian effects which 
included channeling effect, inertial effect, and solid 
boundary effect should be considered for obtaining 
more reliable results of transport phenomena in 
porous media. 

The energy equations of fluid and porous material 
in most previous studies were combined into one equa- 
tion, i.e. one-equation model, with the assumption of 
local thermal equilibrium. Cheng and Hsu [6] used 
the two-layer mixing length theory to study the effects 
of transverse thermal dispersion in the near wall 
region of porous media. Afterward, Cheng and his co- 
workers [7-10] used Van Driest's mixing length theory 
(wall function) instead of two-layer mixing length to 
solve the same problems. As a result, the utilization 
of the Van Driest's wall function was more convenient 
than that of the two-layer mixing length theory for 
solving complex heat transfer problems in porous 
media. 

Recently, much research has been focused on the 
interfacial problem of the fluid-porous media com- 
posite system. The conditions of the velocity and tem- 
perature on the interface between the two different 
materials are complicated. Beavers and Joseph [11] 
presented an empirical correlation for the velocity 
gradient at the interface in terms of the velocities in 
the external flow and the porous media. Vafai and 
Thiyagaraja [12] considered three general cases of the 
above problems which included the interface between 
two different porous media, the interface between 
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NOMENCLATURE 

&, coefficient in the stagnant conductivity S 

C, specific heat of fluid [kJ kg ' C '] 
& particle diameter [m] 
Da Darcy number T 
Dp ratio of particle diameter to the length u 

of the porous block, De = dp/Lp 
D1 empirical constant in thermal u,, 

dispersion conductivity u* 
F inertial factor 
h, heat transfer coefficient along the X 

direction [W m -~ C '] 
H height of the channel [m] r 
Hp height of the porous block [m] 
HP blocked ratio, HP = Hr,/H l" 
kd stagnant conductivity [W m ' C J] 
kc effective thermal conductivity of the .v. v 

porous block [ W m  ~ C ~] X, Y 
k~ thermal conductivity of the fluid 

[ W m  i .C i] 

k~ thermal conductivity of solid phase in 
porous b l o c k [ W i n  ~ C ~] 

k~ thermal dispersion conductivity tp 
[ W m  ' C '] ~I~ 

K permeability [m 2] A 
/ Van Driest's wall function 
L, length of the channel [m] 
L: distance from the inlet to the front side ,': 

of the porous block [m] <, 
L3 downstream distance from the porous ;' 

block to the exit [m] /~ 
Lp length of the porous block [m] v 
rh mass flow rate [kg s t] (/ 
t~ outward normal vector on the p 

interfacial surface [m ~] ~,~ 
Nu, local Nusselt number  along the X 

direction I I 
Nu~ local Nusselt number along the 

interfacial surface of the porous 
block 

p dimensional pressure [N m -'] 
P dimensionless pressure 
Pr Prandtl number  
r~, r2 coefficient in equation (1) 
Re Reynolds number,  Re = uoH/vf C.V. 
Rep particle diameter based Reynolds e 

number, Rep = u*dp/vf f 
As shortest distances from the calculated p 

point to the boundaries of the o 
porous block [m] w 

wpb 

dimensionless distance along the 
interfacial surface from the bottom 
left corner of the porous block 
temperature [C]  
dimensional velocity in the x direction 
[ms '] 
mean inlet velocity [m s ~] 
mean velocity inside the porous block 
in the x direction [m s t] 
dimensionless velocity in the X 
direction 
dimensional velocity in the y direction 
[ms '] 
dimensionless velocity in the Y 
direction 
dimensional Cartesian coordinate [m] 
dimensionless Cartesian coordinate. 

Greek symbols 
AX,,,io, A Ymm dimensionless minimum mesh 

size in X and Y direction 
dimensionless stream function 
computational variable 
ratio of thermal conductivity of solid 
phase to fluid phase in porous block 
thermal diffusivity [m: s ~] 
porosity [m 3 in ~] 
effective porosity [m 3 m ~] 
shape factor, ,' = (Met/K) 12 

viscosity [kg m t s t] 
kinematic viscosity [m -~ s ~] 
dimensionless temperature 
fluid density [kg m '] 
empirical constant in Van Driest's wall 
function 
magnitude of velocity vector. 

Superscript 
, the nth iteration index 

mean value 
velocity vector. 

Subscript 
control volume 
effective value 
external flow field 
porous media 
inlet condition 
solid wall of  the porous block 
without-porous-block case. 

porous media and an external fluid field, and the inter- 
face between porous media and a solid boundary. 
Both the numerical method and theoretical derivation 
were adopted. The numerical results were found to be 
good in agreement with analytical results. Vafai and 

Kim [13] derived an exact solution for the same prob- 
lem studied by Beavers and Joseph [11] and both the 
effects of Darcy number  and inertia parameter were 
investigated. Vafai and Kim [14] also studied the ther- 
mal performance for a composite porous fluid 
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system. The porosity and the effective thermal con- 
ductivity were assumed constant. The enhancement 
of thermal performance of the porous media mainly 
depended on the ratio of the effective thermal con- 
ductivity of the porous media to fluid thermal con- 
ductivity. As the ratio was very large, the enhancement 
of thermal performance is obtained, otherwise, the 
heat transfer rate decreased. Huang and Vafai [15] 
studied the heat transfer of a fiat plate mounted with 
porous block array. The porosity e was regarded as 
constant, the channeling effect in the near wall region 
and the thermal dispersion were both neglected. The 
porous block array significantly reduced the heat 
transfer rate on the fiat plate shown in the results. 
However, different trends were obtained by Hadim 
[16]. He investigated two configurations of a fully 
porous channel and a partially divided porous chan- 
nel. The results indicated that the partially divided 
porous channel configuration was an attractive heat 
transfer augmentation technique, although the ratio 
of the effective thermal conductivity of the porous 
media to fluid thermal conductivity was equal to 1. 
Huang and Vafai [17] indicated four effects of pen- 
etrating, blowing, suction and boundary layer sep- 
aration on the flow and thermal fields in a channel 
mounted with porous arrays. In the above literature, 
the porosity of the porous media was usually regarded 
as a constant. However, due to the influence of the 
impermeable wall, the porosity of the porous media 
near the solid boundary is hardly constant [4]. 

The aim of this numerical study intends to adopt a 
porous block mounted on a heated plate in a hori- 
zontal channel to enhance thermal performance in 
laminar flow. For  simulating the model more realisti- 
cally, the factor of variable porosity is considered. The 
other factors of the particle diameter Dp, blocked ratio 
HP, Reynolds number of external flow field Re, and 
the non-Darcian effects including the channeling 
effect, solid boundary effect and inertial effect are also 
taken into consideration. As for the thermal disper- 
sion, the one-equation model is adopted at present. 
The results indicate that the thermal performances 
are enhanced by using the porous block with higher 
porosity and particle diameter for the H P  = 0.5 cases. 
However, the results are the opposite for H P  = 1.0 

cases. 

PHYSICAL MODEL 

The physical model in this study is shown in Fig. 1. 
There is a two-dimensional horizontal channel with 
height H and length L~, respectively. The entrance 
length is L2, the length and temperature of the high 
temperature region are Lp, which is equal to HI2, and 
Tw, respectively. A porous block with height Hp is 
mounted on the high temperature region and the other 
places of the channel are insulated. The porous block 
is composed of spherical beads. The length from the 
porous block to the exit is L3 which is long enough 
for the fully developed distributions of the velocity 
and temperature to be formed. The inlet velocity pro- 
file is a fully developed parabolic type with average 
value Uo, and the inlet temperature is To which is 
smaller than Tw. Under this configuration, the flow 
field can be decomposed into two conjugate regions, 
one stands for the internal flow field where is bounded 
by the porous block, and the other is called the exter- 
nal flow field which excludes the porous media. 

In order to simplify the problem, there are some 
assumptions as follows : 

(1) The porous block is made of spherical beads. It 
is non-deformable and does not have any chemical 
reaction with the fluids. 

(2) The flow field is steady-state, two-dimensional, 
single phase, laminar and incompressible. 

(3) The fluid properties are constant and the effect 
of the gravity is neglected. 

(4) The transverse thermal dispersion is modeled 
by Van Driest's wall function [7], hence one-equation 
model of energy equation is used. 

(5) The effective viscosity of the porous media is 
equal to the viscosity of the external fluid. 

The porosity 5, permeability K, and inertia factor F 
are defined as [4] 

e. = e~[1 +r]  e-r:a~/dp] (1) 

K = e3d2 (2) 
150(1 --5) 2 

1.75 
F - (3) 

~/(150)~ ~5 

where the As is the shortest distance from the cal- 

u = v = O  OT/OY=O 

Fig. 1. Physical model. 
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culated point to the boundaries of the porous block. 
and rl and r 2 are both empirical constants. 

The effective thermal conductivity of porous media 
k~ is a combination of stagnant conductivity kd and 
thermal dispersion conductivity k~ [7] to simulate the 
transverse thermal dispersion. Then the relationship 
between k,:, kd and k, is 

k~. = k d + k ,  (4) 

and kd is defined as 

k d 2Av'(1 - r) 
k~= I -~ / (1  -~:) + A - B o  

I) (A) B<,+I A(Bo 11] x [ B ° A ( A -  In ~ A-B<, 
L 2 

where 

(5) 

A = - (6) 
kr 

/1 - c \ ' "  " 
B<,= 1.25{ c ) (7) 

and the k, is defined by Van Driest's wall function as 

k, 
ki = DTPrRepIup[I (8) 

where DT is an empirical constant, and Rep is partical 
diameter based Reynolds number, defined as 

.;<up 
Rep - (9) 

YF 

* is the mean velocity inside the porous where the up 
media in the x direction and defined as 

1 in~ u * = ~  upt, odY (10) 

and l is the Van Driest's wall function and defined as 

/ =  l - - e  As°'dr t11) 

where the ~J is an empirical constant• 
Based on the above assumptions and with the fol- 

lowing characteristic scales of H, Tw- 7"<,, pu~, and u<,. 
the governing equations, boundary conditions and 
interfacial conditions are normalized as follows : 

(1) Governing equations of the external flow field 

8 U, 2 let 
~Tx + 8Y  = o 

continuity equation 

X-momentum equation 

(12) 

1 £_% 
+ R e \ ~ X :  + ? ,y2 j  

t13) 

~L,', , 3Ul ?PI 

Y-momentum equation 

L" ' c~x+V '  ~ -  8 Y +  R e t ~ + a y 2 )  

(14) 

energy equation 

, 'o, 1 
(15) 

(2) Governing equations of the internal flow field 
[10] 

continuity equation 

? Up 8 l/p 
-~TV+ #y = 0  (16) 

X-momentum equation 

• ~ /'Up\ ~ /Up\ (~Pp 
- 

+ R e \ g . X  2 + ? y 2 j  

_ ! . . . .  ReDan:Up FIUp CUp (17) 
x/ Da 

Y-momentum equation 

+ k T \ ~  + <~r~) 

i Flgi~I~v (18) 
- RTD<~ vp -  ,,/"z3--~ ; e 

energy equation 

Up ?X + Ve - ~  - ~X \RePrp ? X )  

1 
+ PY \ (RePrp ~O_p~ ,~ y ) 

where 

(19) 

X =  x / H  Y = y / H  

U.- - u,-/u. V, = rr,'u. & = pr/pU~, 

Up = uplu<, Vp = rp/u. Pp = pv/pu~, 

t), - ( T , -  To)/(T,,,-  T,,) Op = ( T p -  To)/(T,, 7",,) 

Pq = vi/~r Prp = vp/0q, 

~, = kUprCr % = k~/PrCr Da = K/H 2 

Re=uoH/,,, 18,,I = V'(U~, + V~). (20) 

(3) Boundary conditions 

on surface AH, BC and FG 

30r 
U r = 0  I/~ = 0  ?~=0 (21) 
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on surface AB 

/ J r = - 6 ( Y 2 - Y )  V r = 0  0 r = 0  

on surface HG 

0 UI- (? Vf O Or o~=o ~ = o  ~ = o  

on surface CF 

U p = 0  Vp=0  0p= 1. 

(4) Interfacial conditions, based on [13-17] 

on surface CD and EF 

Uf= Up Vf= Vp Pp= Pr 

our oup Ov,. _ Ov~ 
OX OX ~X OX 

00,. ~Op 
Of=Op k r o x = k e o x  

on surface DE 

u,.= up VI"= Vp Pp=Pr 

OUr dUp OVf OVp 
m m 

OY OY OY OY 

k 00,._ OOp 
Or = Op r o y -  ke ~ .  

NUMERICAL METHOD 

The SIMPLEC algorithm [18] with TDMA solver 
[19] is used to solve the governing equations (12)-(19) 
of the flow and the thermal fields. The equations (12)- 
(19) are first discretized into algebraic equations by 
using control volume method [19] with power-law 
scheme. Underlaxation factors are 0.5 for both the 
fields of velocity and temperature. The conservation 
residues [18] of the equations of momentum, energy 
and continuity and the relative errors of each variable 
are used to examine the convergence criteria which 
are defined as follows : 

(• IResidue of@ equationlc.v)':2 ~< 10 4, 

@ = U, V, 0 and mass flow rate (27) 

max I @"+ i _ @"l 
~< 10 5 @= U,V,P, 0. (28) 

max l@"+'l 
For reducing computation time, the non-staggered 

mesh is used. The finer meshes are set on both the 
interfacial regions of the porous block and near the 
solid wall regions. Then the meshes are expanded out- 
ward from the interfacial boundary and the solid wall 
with a scale ratio 1.2. In order to consider the chan- 
neling effect and the transverse thermal dispersion, 
the minimum mesh near the solid wall region and 
interfacial region should be less than two particle 
diameters, i.e. AXmm ~< 2dp/H. Under the same reason, 
A Ym~, should be also less than 2dp/H. 

On the basis of the suggestions of Patankar [19], 

the harmonic mean formulation of thermophysical 
properties is used to avoid the effects of abrupt change 

(22) of these properties across the interfacial region of the 
porous block and the external flow field on the com- 
putation accuracy. 

(23) In Fig. 2(a), the results of this study are compared 
with those of Hadim [16]. The porosity ~ and Darcy 
number are constant. The deviation between these two 
results is small. Figure 2(b) shows the comparisons 

(24) between the results of Vafai [4] and this study, the 
deviation of maximum velocity is about 0.85%. 
Shown in Fig. 2(c), the results of Cheng and Hsu [7] 
under the one-equation thermal model of the porous 
media with the Van Driest's wall function situation 
are compared with those of this study for the case of 
Rep = 321. The maximum deviation is about 0.72%. 

The main parameters which include Reynolds num- 
ber Re, blocked ratio HP, particle size ratio Dp, and 

(25) effective porosity ee adopted in this study are tabulated 
in Table 1. The Darcy number Da listed in Table 1 is 
based on the effective porosity ~e. Since the porosity e, 
is a variable as shown in equation (1), hence the Da 
in each control volume is also a variable during the 
computations. For the Re = 500 cases the entrance 
length L2 is 7.5H and the downstream length L3 from 
the rear side of block to the outlet is 5OH, and the 

(26) fully developed conditions at the outlet section can be 
satisfied. For the cases of Re = 1000, the entrance and 
downstream lengths of the channel are 5H and 100H, 
respectively. 

Table 2 shows the empirical constants used in the 
definitions of the porosity e [equation (1)] and the 
Van Driest's wall function l [equation (11)]. Where rl 
and r2 of the ~e = 0.5 cases are obtained from Vafai 
[4], but those of the ~e = 0.7 cases are determined by 
the condition of the porosity near the wall approach- 
ing to unity. The DT and m are provided by Cheng 
and Hsu [7]. 

Due to the grid tests, the meshes of 132 × 60 and 
144 × 60 are chosen for the cases of Re = 500 and 
1000, respectively. 

RESULTS AND DISCUSSION 

The material of the spherical bead adopted in this 
study is considered as copper for enhancing the ther- 
mal performance. 

Shown in Fig. 3, there are streamlines and isotherms 
for Re = 500, HP = 0.5, De = 0.1 and ~e = 0.5 and 
0.7 cases. The dimensionless stream function h u is 
defined as: 

~tp 0ud 
U = ~ f  and V -  0X" (29) 

For illustrating the flow and thermal fields more 
clearly, the phenomena in the region of 2HP upstream 
and IOHP downstream from the porous block are 
presented only. In Fig. 3(a), two recirculation zones 
are found in both the upstream and downstream 
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Fig. 2. The results compared with other literature : (a) U velocity profiles compared with Hadim [16] ; (b) 
U velocity profiles with channeling effect compared with Vafai [4] and (c) temperature distribution with 

variable porosity compared with Cheng et  al. [7]. 

i 

2.50 

Table 1. The main parameters 

Re  H P  D~, t:~ Da Pr  

500 0.5 0.05 0.5 2.08E-6 
1000 1.0 0.1 0.7 I 0.7 

0.2 2.54E-4 

Table 2. The empirical constants 

~-;e r I I" 2 D] ( o  

0.5 0.98 2 0.3 3.5 
0.7 0.42 

regions of the porous block. Some fluid penetrated 
into the porous block which resulted in the down- 
stream recirculation zone hardly neighboring the 
porous block. Near  the solid wall the porosity is 

larger, then the fluid flows along and close to the solid 
wall. A small recirculation zone exists upstream which 
causes the isotherms [Fig. 3(b)] to extend upstream. 
As ~ becomes larger ( = 0.7), the fluid flows through 
the porous block more easily. Consequently, as shown 
in Fig. 3(c), the recirculation zone formed down- 
stream is further away from the porous block, and the 
recirculation zone is barely observed in the upstream 
region. Meanwhile, the isotherms indicated in Fig. 
3(d) extend downstream more conspicuously. 

As shown in Fig. 4, the variations of  the velocity 
distribution of  U at the middle (X = 0.25) of  the 
porous block are illustrated. Due to the channeling 
effect, the velocity of  U has the maximum value near 
the solid wall. The larger the porosity is, the higher 
the velocity becomes. Near  the wall, the velocity gradi- 
ents of  both porous cases are larger than that of  the 
case without the porous block. 

The normal velocity vector distributions along the 
interracial surfaces of  the porous block are shown in 
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Re=500 HP=0.5 Dp=0.1 ~e =0.5 
/ / / / / / / / / / / / / / / / / / / / / / / / / / /  

(a) 
/ i / / i / / / / / / / / I / / i / / / i / / / / i /  

O ~--  0 . 1  

O - - !  

(b) 

Re=500 HP=0.5 Dp=0.1 F-e =0.7 
/ i / / / / / / / / / / / / / / / / / / / / / / / / /  

o.~__~...~."q-A.oT.0 6 
~ ~  ~____ -ore 

/ / , ' / , ~ t / _ ~ 0 / / / / / / / / / / / / / / / , ' / / / / /  

(e) 
/ / / / / / / / / / / / / / l / / J / l / / / i / / l  

0 ~ 0 . 1  

(d) 
Fig. 3. Effects of  variable porosity on flow field and thermal 
field (Re=500 ,  HP=0.5, P r = 0 . 7  and Dp=O.1) :  (a) 
streamlines for ~ = 0.5; (b) isotherms for eo = 0.5; (c) 

streamlines for e.~ = 0.7 and (d) isotherms for ~ = 0.7. 

Fig.  5 for  e~ = 0.5 a n d  0.7 cases  and  the  un i t  veloci ty 
vec tors  are  s h o w n  in Figs.  5(a) a n d  (b), respectively.  
D u e  to  the  larger  po ros i ty  on  the  interface,  m o s t  o f  
the  fluid f lows t h r o u g h  the  p o r o u s  b lock  via the  u p p e r  
left co rne r ,  t hen  the  m a x i m u m  veloci ty  appea r s  on  
this corner .  The  veloci ty  wh ich  flows f r o m  the  p o r o u s  
b lock on  the  rear  sur face  o f  the  p o r o u s  b lock  increases  
as the  po ros i ty  increase.  D u e  to  the  effect o f  the d o w n -  
s t r eam rec i rcu la t ion  zone ,  as s h o w n  in Fig.  5(a),  a 
small  reg ion  wi th  negat ive  veloci ty exists near  the  

V U=V=I 

i e e = 0 . 5  

C X 
(a) 

E 

- F 

(b) 
Fig. 5. Normal velocity distributions on the interracial sur- 
face of  the porous block (Re = 500, HP = 0.5, Pr = 0.7 and 

Dp = 0.1) : (a) ~ = 0.5 and (b) ~e = 0.7. 

u p p e r  r ight  co rne r  o f  the  p o r o u s  block,  hence,  the  
s t reaml ine  o f  ~0 ( = 0.018) in Fig.  3 sl ightly tu rns  in to  
this corner .  

The  local Nusse l t  n u m b e r  Nu, on the  interfacial  
surfaces  o f  the  p o r o u s  b lock is s h o w n  in Fig.  6 and  

def ined as : 

Nus = (30) 
kf(Tw - To) 

H 

where  ~ m e a n s  n o r m a l  and  o u t w a r d  di rec t ion.  The  
absc issa  S in Fig.  6 is the  d imens ion less  d i s tance  a long  
the  interfacial  surface f r o m  C to  F.  

The  t r ends  o f  the  Nus on  the  interfacial  surfaces  for  
b o t h  the  e~ = 0.5 a n d  0.7 cases  are  s imilar  except  on  
the  t op  interracial  reg ion  (0.5 ~< S ~< 1). O n  the  fo rmer  

0 . 2 0  , , , 

/ 

R e = 5 0 0  H P = 0 . 5  / /  
o.16 D p = 0 .  l / / 

/ 
/ 

/ 
/ 

~" o, lo " //// 
',, / / - -  e e = 0 . 5  

[_ \ ~ . . . . . . .  ~,=0.7 
0.05 / \ ~ ,, - - -  wi thout  porous  
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Fig. 4. U velocity profiles near the wall region at X = 0.25 
(middle of  the porous block) for e¢ = 0.5, 0.7 and 1.0 

(Re = 500, HP = 0.5, Pr = 0.7 and Dp = 0.1). 
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facial surface of the porous block for ee = 0.5 and 0.7 

(Re = 500, HP = 0.5, Pr = 0.7 and Dp = 0.1). 



2172 W.-S. FU et al. 

front interfacial surface (0 ~< S ~< 0.1) the Nu, of bo th  
cases is negative which results from the isotherms 
extending upstream (shown in Fig. 3). In the region of  
(0.1 ~< S ~< 0.5), the values of  Nu~ are approximately 
equal to zero which means heat  t ransfer  in this region 
is small. Consequently,  the conduct ion  heat t ransfer  
is dominan t  in the front  interracial surface. For  
~:~ = 0.5, the above p h e n o m e n o n  is more noticeable. 

On the top interracial surface (0.5 ~< S ~< 1.0), most 
of  the fluid in the porous block are deflected toward 
the upper  left corner  of  the porous  block for the 
c~, = 0.5 situation. Hence the Nu~ increases to the 
maximum value on this corner. However,  for c~ - 0.7 
situation, most of  the fluids flow th rough  the porous 
block directly which causes the isotherms to extend 
downst ream exclusively. As a result, the values of  Nu, 
are smaller than those of ~:~ = 0.5 situation. 

Due to the channel ing effect, the Nu~ on the rear 
interfacial surface (1.0 ~< S ~< 1.5) has the maximum 
value close to the wall region for both cases. Large 
heat t ransfer  occurs in this region. On the upper  right 
corner,  there is a small region with negative velocity 
as shown in Fig. 5(a), hence the values of  Nu, are 
negative for ~:~ = 0.5 case. 

The local Nusselt  number  Nu,  on the high tem- 
perature wall is defined as : 

h, H /,~ ~0 
Nu, = I¢;: = k, ? Y  , ,, (31) 

As shown in Fig. 7. due to the large contact  surl:ace 
between the fluids and the porous  block, the heat 
t ransfer  is enhanced for both  c~ = 0.5 and 0.7 cases 
compared  with the case without  porous  block. With 
higher velocity gradient  on the wall for the ~:~ - 0.7 
case, the values of  Nu~ for c,, = 0.7 case are larger than 
those for the c,. = 0.5 case. The results show little 
difference compared  with Fig. 4 of  Huang  and Vafai 
[17]. The Nusselt  number  in [17] is defined in bulk 
temperature  and bo th  plates of  the channel  in [17] 
were high temperature  region. For  the lower Darcy 
number  case (e.g. ~;~. = 0.5 case), most  of  the flow was 

deflected away the porous  block, as, in the previous 
discussion, which increased the heat  t ransfer  on the 
upper plate in [17], hence the Nusselt  number  in [17] 
increased due to the increase of  the bulk temperature.  

In Fig. 8, the streamlines and isotherms are illus- 
trated for Re = 500, H P  = 0.5. ;:~ = 0.5, Pr  = 0.7 and 
l)p - 0.05 and 0.2 cases. As the diameter  of  the spheri- 
cal bead decreases, the drag force becomes larger 
under the same porosity condit ion.  Consequently,  for 
Dp = 0.05 si tuation,  two recirculation zones in the 
upstream and  downs t ream regions are formed, and 
the isotherms extend upstream as shown in Fig. 8. 
For  De = 0.2 si tuation,  only one recirculation zone is 
formed downstream,  and  the isotherms hardly extend 
upstream. 

Based on the reason ment ioned above,  the larger 
the diameter  is, the larger the velocity becomes. Hence 
the De = 0.2 case has the largest velocity distr ibut ion 
as indicated in Fig. 9. Because of  the channel ing  effect, 
the maximum velocity exists near the wall. 
Accompanying  the larger velocity gradient  for the 
larger diameter  situation, therefore,  the local Nusselt 
number  Nu~ dis t r ibut ion for De = 0.2 si tuation is 
larger than  the other  si tuations as i l lustrated in Fig. 
10. 

As the Reynolds number  Re increases, the inertial 
force becomes stronger. As shown in Fig. 11, two 
recirculation zones are found in the upstream and 
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Fig. 7. Local Nusselt number Nu, distributions on the high 
temperature wall for ~k.= 0.5, 0.7 and 1.0 (Re = 500. 

HP = 0.5, Pp" = 0.7 and Dp = 0.1). 
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Fig. 8. Effect of particle diameter on flow field and thermal 
field (Re=500 ,  H P = 0 . 5 ,  P r - 0 . 7  and ~:c=0.5): (a) 
streamlines for Dp = 0.05 ; (b) isotherms for Dr, = 0.05 ; (C )  

streamlines for D p  - -  0.2 and (d) isotherms for D p  = 0.2. 
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Fig. 9. U velocity profiles near the wall region at X = 0.25 
(middle of the porous block) for Dp = 0.05, 0.1 and 0.2 

(Re = 500, HP = 0.5, Pr = 0.7 and e~ = 0.5). 
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Fig. 10. Local Nusselt number Nu~ distributions on the high 
temperature wall for Dp = 0.05, 0.1 and 0.2 (Re = 500, 

HP = 0.5, Pr = 0.7 and e~ = 0.5). 
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Fig. I 1. Efect of Reynolds number Re on flow and thermal 
fields (Re= 1000, HP=0.5 ,  De=0.1,  Pr=0.7  and 

e¢ = 0.5) : (a) streamlines and (b) isotherms. 

causes the local Nusselt  number  Nux distribution 
to be larger than those of  the lower Reynolds 
number  (Re = 500) and the without-porous-block 
(Re = 1000) situation as shown in Fig. 12. 

For  H P  = 1.0 cases, the streamlines and the iso- 
therms are shown in Fig. 13 for Re = 500, H P  = 1.0, 
Dp = 0.1 and ee = 0.5. The streamlines, compared  
with Fig. 3(a), show that there are no recirculation 
zones in both  the front and rear sides of  the porous 
media. Meanwhile the fluids are forced to flow 
through the near wall regions because of  the chan- 
neling effect. Hence the isotherms concentrate more 
near the wall and expand to the downst ream as shown 
in Fig. 13(b). 

The U velocity profiles along the Y axis at the middle 
(X = 0.25) of  the porous block for Re---500 are 
shown in Fig. 14. The smaller the Dp and e e are, the 
larger the drag force becomes, which causes more 
fluids to flow near the wall. As a result, the case of  
Dp = 0.05 and ee = 0.5 has the largest velocity gradi- 
ent near the wall. The phenomena  are opposite to that  
of  the H P  = 0.5 cases as shown in Figs. 4 and 9. 

The effects of  the porosity on the Nu~ in the 
H P  = 1.0 cases are illustrated in Fig. 15. Due to the 
behaviors of  the channeling effect shown in Fig. 14, 
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Fig. 12. Local Nusselt number Nu, distributions on the high 
temperature wall for Re = 500 and 1000 (Dp = 0.1, Pr = 0.7 

and HP = 0.5). 
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Reffi500 HP=I .O Dp=0 .1  ~-e = 0 . 5  

(a) 

downstream regions, respectively, and the isotherms 
extend downst ream more significantly. Due to the 
stronger inertial force for the higher Reynolds number  
(Re = 1000) situation, not  only more  fluid flows 
through the porous block but also the fluid had higher 
velocity pass through the porous  block which certainly 

(b) 

Fig. 13. Effect of blocked ratio HP on flow and thermal fields 
(Re = 500, HP = 1.0, D p  : 0 . 1 ,  Pr = 0.7 and e¢ = 0.5) : (a) 

streamlines and (b) isotherms. 
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Fig. 14. U velocity profiles near the wall region at X - 0.25 
(middle of  the porous block) for H P  = 1.0 case ( H P  = 1.0, 

Pr = 0.7 and Re = 500). 

400.0 

R e = 5 0 0  P r : 0 . 7  
H P = I . 0  D p = 0 . l  

300.0 

. . . . . .  c , = 0 . 5  
e , = 0 . 7  

Z 2oo.o wi thou t  porous  
block i 

i 
~ooo " ~  _,_,_ 

0.0 0.1 0.2 0.3 0.4 0.5 

X 
Fig. 15. Local Nusselt number  Nu, distributions on the high 
temperature wall for H P  = 1.0 case with q = 0.5 and 0.7 

( H P  = 1.0, Re - 500, De = 0.1 and Pr = 0.7). 

H P  = 1.0 cases.  T h e s e  resu l t s  are  a lso oppos i t e  to the  

resul ts  o f  the  H P  = 0.5 cases.  

CONCLUSIONS 

In this  paper ,  the  t h e r m a l  p e r f o r m a n c e  o f  a c h a n n e l  

m o u n t e d  with a po rous  block in l amina r  flow is s tudied 

numer ica l ly .  T h e  resu l t s  can  be s u m m a r i z e d  as 

l\~llows : 

( 1 ) T h e  t h e r m a l  e n h a n c e m e n t  cou ld  be o b t a i n e d  by 

a c o p p e r  p o r o u s  block m o u n t e d  on  the  h igh  t em-  

p e r a t u r e  region.  

(2) A p o r o u s  block wi th  h ighe r  po ros i t y  in a 

H P  = 0.5 c h a n n e l  cou ld  inc rease  the  hea t  t ransfe r .  

H o w e v e r  the  resul t  is oppos i t e  to t ha t  o f  the  H P  = 1.0 

channe l .  

(3) In H P  = 0.5 channe l ,  the  hea t  t r an s f e r  cou ld  

be e n h a n c e d  by a p o r o u s  block wi th  h ighe r  par t ic le  

d i amete r .  Th i s  resul t  is a lso  o p p o s i t e  to t ha t  o f  the  

H P  = 1.0 channe l .  
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the  N u ,  o f  the  ¢:~ = 0.5 case  is h i ghe r  t h a n  t ha t  o f  the  

~ = 0.7 case.  Th i s  is oppos i t e  to the  resu l t s  o f  the  6. 

H P  = 0.5 cases  s h o w n  in Fig. 7. B ecause  o f  the  effects 

o f  the  par t ic le  d i a m e t e r  D~,, Fig.  16 s h o w s  tha t  sma l l e r  

par t ic le  d i a m e t e r  i nduces  h i ghe r  h e a t  t r ans fe r  in the  7. 
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Fig. 16. Local Nusselt number  Nu~ distributions on the high 
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