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Abstract-In this study, a composite system made of multiple porous block structure used for flow and 
heat transfer control will be analyzed. The primary objective of this study is to analyze the changes in the 
flow pattern and heat transfer characteristics due to the existence of the multiple porous block structure. 
A general flow model that accounts for the effects of the impermeable boundary and inertial effects is used 
to describe the flow inside the porous region. Solutions of the problem have been carried out using a finite- 
difference method through the use of a stream function-vorticity transformation. Various interesting 
characteristics of the flow and temperature fields in the composite layer are analyzed and discussed in 
detail, The effects of several governing dimensionless parameters, such as the Darcy number, Reynolds 
number, Prandtl number, the inertia parameter, as well as the effects of pertinent geometric parameters, 

are thoroughly explored. 

INTRODUCTION 

GXWECTIVE heat transfer in fluid-saturated porous 
media has gained considerable attention in recent de- 
cades due to its relevance in a wide range of appli- 
cations such as thermal insulation engineering, water 
movements in geothermal reservoirs, heat pipes, 
underground spreading of chemical waste, nuclear 
waste repository, geothermal engineering, grain stor- 
age, and enhanced recovery of petroleum reservoirs. 
Most of the previous studies related to transport 
through porous media are based on investigating flow 
through a semi-infinite porous medium or flow 
through structures which are fully filled with the 
porous medium. But, due to the difficulties in simul- 
taneously solving the coupled momentum equations 
for both porous and fluid regions, analysis of the 
porous/fluid composite structures which occur in a 
wide variety of practical applications have been 
mostly ignored. 

A general theory and numerical calculation tech- 
niques for flow field and heat transfer in recirculating 
flow without including the porous medium have been 
developed by Gosman [l], and was successfully used 
by various investigators such as Gooray et al. [Z, 37. 
They have shown that these methods can be applied 
to give reasonably accurate quantitative heat transfer 
results for the separated forced convection behind a 
backstep. However, to the best of the authors’ knowl- 
edge, there has not been any investigations on the 
forced convection over multiple porous blocks. 

For an external boundary exposed to a semi-infinite 
porous medium, Cheng [4] and Bejan 151 have pre- 
sented closed form results for the local Nusselt num- 
ber as function of the Peclet number based on Darcy’s 
law. Kaviany f67 has solved a similar problem and 
obtained Kajar-Pohlhausen solutions based on the 
~~nkrna~-Forshheimer-extended equation which 

accounts for the boundary and inertia effects. Vafai 
and Thiyagaraja [7] presented a theoretical analysis 
for a general class of problems involving interface 
interactions on flow and heat transfer for three differ- 
ent types of interface zones. They obtained analytical 
solutions for both velocity and temperature dis- 
tributions as well as the analytical expressions for the 
Nusselt number for all of these interface conditions. 
Vafai and Thiyagaraja [7] also presented a detailed 
theoretical solution for the velocity and temperature 
fields as well as the Nusselt number dist~butio~ for 
flow over an external boundary ern~dd~ in a porous 
medium. Cheng [S] obtained the tem~rature dis- 
tribution for a horizontaf cylinder and a sphere 
placed in a uniform flow through a porous medium, 
and Cheng and Zheng [9] reported the inertia and 
thermal dispersion effects on flow and temperature 
fields for a horizontal line heat source in a porous 
medium. 

While many studies have been performed in these 
areas, little attention has been focused on porous/fluid 
composite system. Vafai and Kim [lo] have studied 
numerically the flow and heat transfer over a flat plate 
with an attached porous substrate. They carried out a 
fundamental study of the efIects of Darcy and Prandti 
numbers, inertia parameter, and the ratio of the con- 
ductivity of the porous material to that of the fluid. 
They found that the porous substrate caused the flow 
to deflect and resulted in a decrease in the frictional 
drag. They also found that depending on the value 
of the thermal conductivity of the porous wafer, the 
substrate can either augment or decrease the heat 
transfer from the external boundary. However, there 
is very little work on forced convective flow in more 
complicated configurations. The present work 
addresses a fundamental investigation of one such 
complicated ~nfigu~ation, namely a system com- 
posed of inte~ittent porous blocks. 
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NOMENCLATURE 

A dimensionless geometric parameter, -1’ vertical coordinate [ml. 
We/W* 

B dimensionless geometric parameter, Greek symbols 
D* :H” 

n ‘. 
rA thermal diffusivity [rn’ s ‘1 

spacmg between blocks ]m ‘1 l- general diKusive coefficient, used in 
Da,, Darcy number. K/L’ equation (I 6) 

F a function used in expressing inertia terms Ax .x-dim&on width of the control volume 
17 convective heat transfer coefkient di, r-direction width of the control volume 

[Wm~:K ‘1 6.r :y-direction distance between two adjacent 
N thickness of the porous block [m] grid points 
&~,y) curve defining the porous/fluid Cl> ):-direction distance between two adjacent 

interface grid points 
k thermal conductivity [W mi ’ IC ‘f I: porosity of the porous medium 
K permeability of the porous medium [m’] 0 dimensionless temperature, 

1, length of plate upstream from the blocks (T- T,,):‘(T,-T,) 

[ml 4 inertial parameter, Fhj$ K 

I? length of plate downstream from the fi dynamic viscosity [kg m ’ s ‘1 
blocks [m] t kjnematic viscosity fm’ s ‘] 

L length of the external boundary as shown .’ vorticity 
in Fig. I fm] Ruid density [kg m ‘1 

fl coordinate normal to the porous,8iuid : transported property ; general dependent 
interface variable 

IV number of blocks Y stream function. 
Nu Nusselt number. h/k, 
P pressure [Pa] Superscript 
PC, Peclet number. U, L/x * dimensionless quantity. 
Pv Prandtl number, v/a 
Re, Reynolds number, IL,_ L/r) Subscripts 
f coordinate tangential to the porous/fluid eff effective 

interface f fluid 
T temperature [R] P porous 
u .r-component velocity [m s- ‘] x local 
Ii _r-component velocity [m sm. ‘1 X condition at infinity. 
1’ velocity vector ]m s ‘1 
W width of the porous block [m] Other 
X horizontal coordinate [m] [a. b] larger of a and b. 

-_ 

The main focus of this research is to analyze forced of the first analyses of the separated forced convection 
convection over a composite porous/fluid system 
composed of multiple porous blocks. Since very little 
work has been done on external forced convective 
flow and heat transfer in composite systems, the objec- 
tive of the present work is to study the interaction 
phenomena occurring in the porous medium and the 
fluid layer. In addition, the effects of various par- 
ameters governing the physics of the problem under 
consideration are also analyzed. The results presented 
in this work will provide a valuable and fundamental 
framework for predicting heat transfer and fluid flow 
characteristics for other composite systems such as in 
electronic cooling and in heat exchanger design, heat 
transfer control or augmentation, drag reduction (as 
compared to the presence of solid blocks). some of 
the manufacturing processes, geothermal reservoirs 
and oil extraction. The present work constitutes one 

over porous blocks. 

THEORY 

A schematic represen~tion of the system under 
investigation is shown in Fig. 1. It consists of Row 
over a flat plate with multiple porous blocks attached 
on the external boundary. The height and width oi 
the porous blocks are H and W, respectively, the 
distance between two blocks is I), the length of the 
wall is L, the free stream velocity is u,, and the free 
stream temperature is T,,. The wall is maintained at 
constant temperature T,. It is assumed that the flow 
is steady, laminar, incompressible, and two-dimen- 
sional. In addition, the t~ermophysical properties of 
the Auid and the porous matrix are assumed to be 
constant and the fluid-saturated porous media are 
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FIG. 1. (a) Schematic diagram of flow and heat transfer through a multiple porous block system. (b) Grid 
system for the computational domain. 

considered homogeneous, isotropic and in local 
thermodynamic equilibrium with the fluid. 

An efficient alternative method for combining the 
two sets of conservation equations for the fluid region 
and porous regions into one set of conservation equa- 
tions is to model the porous substrate and the flow 
regions as a single domain governed by one set of 
conservation equations, the solution of which satisfies 
the continuity of the longitudinal and transverse vel- 
ocities, normal and shear stresses, temperature, and 
the heat flux across the porous/fluid interface as 
described by the following equations (Sathe et al. [ 1 I] ; 
Vafai and Kim [IO]) : 

(14 

(lb) 

UC) 

7-A gfx,y)= 0 = Tfl &,y)= 0, 

k!T!i aTf 
Qp g~x,y~=o = kfZ gcx,y+o 

(14 

where g(x, y) = 0 is the curve defining the porous/fluid 
interface. The derivative with respect to n and t rep- 
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resents the normal and tangential gradients, rcspec- 
tively, to the curve .y(x, y) = 0 at any point on the 
interface. In dimensionless form the above-mentioned 
equations governing the whole porous/fluid com- 
posite system can be written as (Vafai and Tien 112. 

131) 

where (x*, y*) are dimensionless rectangular Car- 
tesian coordinates and Y* is the stream function 
which is related to the fluid velocity components u 

and v by 

and [ is the vorticity defined by 

c:u 8l.l 
t= _ 
- (;I- (71” (6) 

The non-dimensional parameters in the fluid region 

are 

u, L 
Re, = e . Pe, = IrjL, s* = 0 (74 

I I 

and in the porous region the non-dimensional par- 

ameters are 

_,j 
L i 

l)* “!:*I 
i.u* (8) 

The source term S* can be considered as those con- 
tributing to the vorticity generation due to the pres- 
ence of the porous medium. In addition, the dimen- 
sionless boundary conditions are 

0 = 0, at X* = 0 

(9) 

(12) 

All of the above variables have been non-dimen- 
sionalized based on the following definitions 

,y* = -Y L, _)%* + u* = 
u* 
21, 1 

I, 

v*= ~. II’*/ = v’(u*2+1,*2) (13a) 
u7 

() = ,‘;‘; (13b) 
u 1 

It should be noted that these conservation equations 
for forced convection in porous media are developed 
here using the local volume-averaging technique 
(Vafai and Tien [12]). In addition, the conservation 
equations in porous media are also based on the 
generalized Aow model, which take into account the 
effects of flow inertia as well as friction caused by 
macroscopic shear. 

In this study, the problem is governed by seven 
parameters, i.e. the geometric parameters A = W*, 
H* and B = D*/ W* ; Reynolds number, u, L/v ; 
Darcy number, K/L’ ; inertia parameter, FL.s/,!K; the 
Prandtl number, v/cc ; and the number of blocks N. TO 
evaluate the effects of the porous material on the shear 
stress and heat transfer rate at the wall, additional 
calculations were carried out. For the shear stress the 
results were cast in dimensionless form by means of 
the local friction coefficient as 

(14) 

and for the heat transfer rate the results were rcp- 
resented in dimensionless form in terms of a dimen- 
sionless Nusselt number 

Note that the conductivity of the fluid was chosen in 
the formulation of the Nusselt number. This results 
in more meaningful comparisons for the heat flux at 
the external boundary between the composite system 
and the case where there was no porous substrate. 

NUMERICAL METHOD AND PROCEDURE 

The fluid flow and heat transfer characteristics in 
the configuration of interest will be revealed after 
solving numerically the mathematical model outlined 
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in the previous section. The following is a general 
formulation for the diffusion-convection equation, 
which can be applied to vorticity, stream function, 
and temperature equations 

(16) 

Here @ represents any one of the pertinent 
variables. Based on a non-uniform rectangular grid 
system, the finite-difference form of equation (16) is 
derived by volume integration of the differential equa- 
tion over discrete cells surrounding the grid points, as 
shown in Fig. 1 (b). Application of central differencing 
for the diffusive term and the upwind differencing for 
the convective term gives 

where 

c, = r.$l+[-r,sX&.,ol) (18a) 
e 

c, = I,$1 +[rWsx,u,,o]) (18b) 
W 

C, = I$(l+[-F,sy.u.,O]) (18~) 
” 

and 

C, = I, $ (1 + [I-,dysu,, 01) 
s 

b = S”AxAy 

(18d) 

(18e) 

cc = c,+c,+c,+c,. (18f) 

Applying the above discretization procedure for vor- 
ticity, stream function, and temperature equations 
gives 

CcYc = C,Y:+ ] j + CWY,*_ Ij 

f &‘I’;+, + CsY$_, + ~*AxAy (20) 

Cceij = C,Bi+lj+CWei_,j+C,eij+l+C,ei,_,. 

(21) 

Equations (19)-(21) give a system of linear equations 
for <*, Y*, and 8. These finite-difference equations 
were solved by the extrapolated-Jacobi scheme-an 
iterative scheme based on a double cyclic routine- 
which translates into a sweep of only half of the grid 
points at each iteration step (Adams and Ortega [14]). 
It was necessary to use underrelaxation to prevent 
instability and divergence due to nonlinearity in these 
finite-difference equations. The numerical integration 

was performed until the following convergence cri- 
terion was satisfied 

max e+;;‘pz < 10-6 I I (22) 

where cp stands for g*, Y*, or 0 and n denotes the 
iteration number. 

A non-uniform grid system, which possesses a very 
fine grid structure through the porous block array 
as well as its immediate surroundings and gradually 
becomes coarser towards the far field, was employed. 
A grid independence test for Re, = 3 x lo’, 
Da, = 8 x lO-‘j, A, = 0.35, Pr = 0.7, A = 6, B = 1, 
and N = 4 showed that there is only a very small 
difference (less than 1%) in the streamlines and iso- 
therms among the solutions for 82 x 82, 144 x 162, 
and 172 x 202 grid distributions. As this difference is 
small, all of our computations were based on the 
144 x 162 grid system. It was found that any further 
increase in the grid distribution resulted less than 1% 
difference for cases studied in this work. 

To accommodate the simultaneous solutions of the 
transport equations in both fluid and porous regions, 
the effective viscosity of the fluid-saturated porous 
medium is set to be equal to the viscosity of the fluid. 
It has been found that this approximation provides 
good agreement with experimental data (Vafai and 
Thiyagaraja [7] ; Neale and Nader [15]). Moreover, 
the dimensionless groups A, and Da, at the interface 
of a control volume are computed by the harmonic 
mean. 

The interface between the porous medium and fluid 
space requires special consideration. This is due to the 
sharp change of thermophysical properties, such as 
the permeability, porosity, and the thermal con- 
ductivity, across the interface. All of these effects on 
the porous/fluid interface are summarized in the 
dimensional parameters Da,, AL and Pr. The har- 
monic mean formulation suggested by Patankar [ 161 
was used to handle these discontinuous characteristics 
in the porous/fluid interface. For the present case, 
Da,, A, and Pr at the interface of a control volume 
are as follows 

Pr, = 
2Pr,,Pr, 

Pr,, + Pr, 

where the subscripts eff, f, and I stand for effective, 
fluid, and interfacial, respectively. Therefore, instead 
of the source terms in equations (7a) and (8), the 
following source terms were used across the interface 

+l~*lu’~(i\,)-lo*lu*~(A~) (24) 
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FM, 2, (a) Velocity distribution, (b) streamlines, and (c) frictional cac3’Wjcicnt for flow through Pour 
obstructing porous blocks for RP~, = 3 x lo’, DuL = 8 x lo-‘. A, = 0.35, A = 6, B = 1, H* = 0.02. 
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FIG. 3. Effects of the Darcy number on streamlines for Bow through four obstructing porous blocks for 
ReL = 3 x I@, A, = 0.35, A = 6, B = 1, H* = 0.02. 

where equation (24) was used for the fluid and equa- 
tion (25) was used for the porous region. Note that 
constant values of DaL, and AL were used for a speci- 
fied porous substrate. 

In our investigation the computationa domain is 
chosen to be larger than the physical domain. Along 
the x-direction, the computational domain starts at a 
distance of one-fifth of total length upstream of the 
physical domain. This procedure eliminates the errors 
associated with the singular point at the leading edge 
of the composite system. On the other side, the com- 
putational domain is extended over a distance of two- 

fifths of the total length downstream from the trailing 
edge of the physical domain. Since the present prob- 
lem has a significant parabolic character, the down- 
stream boundary condition on the computational 
domain does not have much influence on the physical 
domain. In the y-direction the length of the com- 
putational domain was systematically increased until 
the rnax~Mm vorticity changes for two con~cutiv~ 
runs became less than 1%. 

In order to examine the validity of the present 
numerical model, comparisons with more classical 
results were made. They were performed for laminar 
flow over a flat plate (i.e. H* = 0, no porous sub- 
strate) and that over a fiat plate embedded in a porous 
medium (i.e. H* -+ ce and W* -+ co, full porous 
medium). The results for H* = 0 agree to better than 
1% with boundary layer similarity solutions for vel- 
ocity and temperature fields. The results for H* -+ co 
and W* 4 00 agree extremely well with data reported 
by Vafai and Thiyagaraja f7J. These comparisons were 
found to be similar to those presented in Vafai and 
Kim [IO]. 
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I I I I 

Da,=4x10” 

FIG. 4. Effects of the Darcy number on isotherms for flow through four obstructing porous blocks for 
RP, = 3 x 105, AL = 0.35. Pr = 0.7, k,,,,‘kl = 1.0. A = 6, B = 1, H* = 0.02. 

RESULTS AND DISCUSSION 

The effects of governing physical parameters, such 
as the Reynolds number, Darcy number, Prandtl 
number, and inertial parameter, as well as the geo- 
metric arrangements of the porous block array on 
the flow and temperature fields were explored. To 
illustrate the results of the flow and temperature fields, 
only the portion which concentrates on the porous 
block array and its close vicinity is presented. 
However, the much larger domain was always used 
for numerical calculations and interpretation of the 
results. It should be noted that for the sake of brevity, 
the main features and characteristics of some of the 
results are only discussed and the corresponding 
figures are not presented. 

The influences of the porous block array on the 
velocity field is depicted in Fig. 2(a) for a case where 
the Reynolds number is 3 x 105, the Darcy number is 
8 x lo- ‘, the inertial number is 0.35, the dimensionless 
height and width of the porous block are 0.02 and 
0.12, respectively, and the spacing between the porous 
blocks is 0.12. It can be seen that there are two distinct 

momentum boundary layers in the flow held. One is 
along the impermeable wall and the other is along the 
top of porous obstacles. Inside the porous media as 
the normal coordinate increases the velocity dis- 
tribution increases from zero to a constant value. 
which is maintained until the outer boundary layer 
appears. The velocity distribution goes through a 
smooth transition once it crosses the porous/fluid 
interface, and finally approaches a free-stream value. 
As expected, both momentum boundary layers grow 
in the streamwise coordinate. Consequently, in the 
porous region the magnitude of the interfacial velocity 
between these two boundary layers decreases to adapt 
this growth, resulting in further increase in the thick- 
ness of the boundary layer near the wall. Inside of 
the inter-block spacing, the flow is decelerated and is 
eventually forced to reverse its direction near the wall, 
resulting in a boundary layer separation. This is due 
to the adverse pressure caused by the porous obstacle. 

The above-described flow field can also be observed 
by streamlines shown in Fig. 2(b). It can be observed 
that the streamlines move upward due to the presence 
of the porous blocks. This indicates that the flow is 
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FIG. 5. Effects of the Darcy number on the Nusselt number for flow through four obstructing porous 

blocks for Re, = 3 x 105, AL = 0.35, Pr = 0.7, kef/kr = 1.0, A = 6, B = 1, H* = 0.02. 

directed upwards periodically while encountering the 
porous blocks. This effect is more pronounced for 
smaller Darcy numbers or larger inertial parameters. 
This phenomenon is due to the relatively larger resist- 
ance that the flow encounters inside the porous blocks, 
which in turn displaces the fluid by blowing it from 
the porous region into the fluid region. These results 
were also found in the work of Vafai and Kim [lo]. 
The flow patterns, including the shape of boundary 
layer and the blowing effect from porous blocks, play 
an important role in affecting the temperature dis- 
tribution. Figure 2(c) displays the periodical stream- 
wise variation of the local friction coefficient at the 
wall. It can be seen that the friction coefficient 
decreases with an increase of the boundary layer thick- 
ness and increases with a decrease in the boundary 
layer thickness. This is the reason for the fluctuation 
of the local friction coefficient along the external 
boundary. It can be seen that inside the porous medium 
the friction at the wall decreases. This decrease is a 
direct result of the blowing effect, as discussed pre- 
viously. However, in the space between the porous 
blocks the adverse pressure caused by porous obstacle 
reduces the fluid momentum resulting in a rapid 
increase in the boundary layer thickness. Conse- 
quently, the friction coefficient significantly decreases 
in the inter-block spacings. 

Effects of the Darcy number 
The Darcy number is directly related to the per- 

meability of the porous medium. To investigate the 

effect of Darcy number on the flow and temperature 
fields, computations were carried out at Da, = 
8 x 10e4, 4x 10m6, 2x 10p6, and 1.5 x 10S6 for 
H/L= 0.02, A = 6, B= 1, Re,= 3x 10’ and 
A, = 0.35. Results of the computations for stream- 
lines, isotherms, and local Nusselt numbers are pre- 
sented in Figs. 3-5. It can be seen from Fig. 3 that by 
decreasing the Darcy number up to a certain value 
(less than 4 x 10e6) the boundary layer starts to sep- 
arate from a certain location at the wall, and then 
forms a separation region along the streamwise direc- 
tion near the wall. The size of separation region 
increases in the inter-block spacing due to the adverse 
pressure gradient caused by porous obstacles, and 
decreases inside the porous media due to the bulk 
frictional resistance offered by the porous matrix. The 
appearance of a vortex zone depends on whether the 
flow reattaches the wall or not. Outside the boundary 
layer flow the blowing effect caused by porous media 
increases as the Darcy number decreases, which leads 
to the larger upward moving of the streamlines and 
the reduction of the mass flow rate passing through the 
porous media. The closely spaced streamlines indicate 
that there are larger volume flow rates. The tem- 
perature fields shown in Fig. 4 correspond to a case 
where the Prandtl number is 0.7 and the conductivity 
of the porous media is equal to that of the fluid. A 
smaller value of DaL translates into larger blowing 
effects which divert the flow through the porous 
medium. Therefore, as the Darcy number decreases, 
the thickness of the thermal boundary layer increases 
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FIG. 6. Elects of the inertial parameter on streamlines for flow through four obstructing porous blocks 
for Rr, = 3 x IO’, Du, = 8 x 10 ‘. ,4 = 6, B = 1, H* = 0.02. 

arid the distortion of isotherm near the wall becomes 
more noticeable. The increase in the distortion of the 
isotherms at lower values of IQ_ is due to the presence 
of a larger fluctuating separation zone near the wait. 
The ~uctuations in the momentum and thermal 
boundary layers also create the oscillations in the local 
Nusselt number distribution as depicted in Fig. 5. It 
is seen that the Darcy number has a significant impact 
on the local Nusselt number distribution. The local 
Nusseit number fluctuates periodically as the stream- 
wise coordinate increases due to the presence of the 
porous blocks, with an increasing mean at the higher 
Darcy numbers {higher than 2 x 1 O- “) and a decreas- 
ing mean at the lower Darcy numbers. Moreover, the 
extent of the fluctuation increases for lower values of 
Darcy numbers. The trough in each cycle occurs at an 
X* value corresponding to the left face of each porous 
block. This is due to the slow circulating motion inside 
the separating zones in front of the porous obstacles, 
resulting in low heat transfer rates in these regions. In 
particular, for the lower Darcy number heat transfer 
in circulating regions decreases due to the larger size 
of separation zone. It should be noted that flow and 
heat transfer characteristics for the configuration 
shown in Fig. 1 are entirely different than flow and 

heat transfer characteristics for forced convection 
over intermittently emplaced porous cavities [I 71. 

When the Reynolds number based on the pore 
diameter becomes large the inertial effects become 
significant. The effects of an increase or decrease in 
the inertial parameter are shown in Figs. 6 and 7, for 
Rr, = 3 x 105, DN~, = 8 x 10 -6, Pr = 0.7. A = 6. and 
B I= 1 at At = 0.35, 3.5, 5, and 7, respectively. Com- 
parison of the streamlines in Fig. 6 shows that as the 
inertial parameter increases, the distortion of stream- 
lines becomes more significant and the size of the 
vortices near the wall increases. This is because of the 
larger bulk frictional resistance that the flow experi- 

ences for larger inertial parameters. Therefore, larger 
values of &, would lead to a larger blowing effect 
thus reducing the mass flow rate through the porous 
blocks. In addition, the larger bulk frictional resist- 
ance caused by the porous matrix results in a larger 
adverse pressure gradient in front of the porous 
obstacle. As a result, the flow near the wall is deceler- 
ated more quickly and is eventually forced to reverse 
its direction forming a larger separation zone. When 
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FIG. 7. Effects of the inertial parameter on the Nusselt number for flow through four obstructing porous 
blocks for Re, = 3 x lo’, Da, = 8 x 10m6, Pr = 0.7, k,,//q = 1.0, A = 6, B = 1, H* = 0.02. 

entering the porous block, the laminar eddies in the 
separation zone are weakened by the frictional resist- 
ance of the porous matrix. This results in the re- 
attachment of the boundary layer to the wall, and 
formation of a closed vortex region. Comparison of 
the isotherms shows that the larger the value of A,, 
the larger the thickness of the thermal boundary layer, 
and the more noticeable the distortion of the 
isotherms. The reason for this behavior is similar to 
the effect of Darcy number on the temperature field. 
As in the case of Darcy number variations, a periodic 
variation of local Nusselt number is observed. As can 
be seen in Fig. 7 for smaller inertial parameters the 
mean value of the Nusselt number increases while 
for larger inertial parameters the mean value of the 
Nusselt number decreases with the flow direction. This 
shows that the inertial parameter has a significant 
effect on the formation and the size of the separation 
vortex and the convective energy transport. 

Effects of Reynolds number 
Figures 8 and 9 show streamlines and Nusselt num- 

ber distribution for Da, = 8 x 10m6, A, = 0.35, 
Pr = 0.7, A = 6, and B= 1 with ReL = 3x 105, 
2 x 105, 1.5x 10’ and 1 x 105, respectively. As 
expected, distortions in the streamlines and boundary 
layer thickness become evident as the Reynolds num- 
ber decreases (see Fig. 8). The reason for this trend is 
that the lower the Reynolds number, the lower the 
flow inertia, thus reducing the extent of penetration 

of the flow into the porous blocks. This results in a 
larger blowing effect in the flow field, and a larger 
thickness of boundary layer near the wall. Com- 
parison of the temperature fields corresponding to 
different Reynolds numbers shows that for the lower 
Reynolds number the heat is transferred further out 
into the flow field. The variation of the local Nusselt 
number is shown in Fig. 9 with a different increasing 
mean for different Reynolds number. As expected, 
the heat transfer rate from the wall decreases with a 
decrease in the Reynolds number. This obviously is 
due to lower velocities near the wall for smaller Reyn- 
olds numbers. It is this decrease in the transfer of 
convective energy that causes a lower temperature 
gradient and heat flux at the wall. As with the other 
two cases, a periodic variation of local Nusselt number 
is again observed. 

Prandtl number efects 
To investigate the effect of the Prandtl number on 

the flow and temperature fields, three different Prandtl 
numbers were chosen such that they will cover a wide 
range of thermophysical fluid properties. The numeri- 
cal results are presented in Fig. 10 at Re, = 3 x lo’, 
DaL = 8 x 10-6, AL = 0.35, A = 6, and B = 1 for 
three different fluids with Pr = 0.7 (air), Pr = 7 
(water), and Pr = 100 (a representative oil), respec- 
tively. Obviously, the Prandtl number variations have 
no effect on the flow field and the velocity distribution 
will be exactly the same as that shown in Fig. 2(a). 
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FIG. 8. Elects of the Reynolds number on streamlines for flow through four obstructing porous blocks 
for Du, = 8 x lo-$. A, = 0.35. A = 6. B = I, N* = 0.02. 

Due to the lower value of the thermal diffusjvity the 

temperature gradient is larger for larger Prandtl num- 
bers. As expected, the local Nusselt number and its 
fluctuations increases with an increase in the Prandtl 
number, as shown in Fig. 10. 

When the value of A, related to the aspect ratio, 
was decreased, the distortions of streamlines and iso- 
therms becomes less pronounced, and the closed vor- 
tex zones along the wall disappear. This is the direct 
result of reduction in the aspect ratio which lessens 
the blowing action and subsequent deceleration of the 
flow fieid. The second geometric parameter B = I)*/ 
W* reflects the influence of the inter-block spacing. 
It was found that as the inter-block spacing decreases, 
streamline and isotherm distortions become more pro- 
nounced. However, for lower values of B, the inter- 
block separation zones along the wall is reduced, while 
a larger separation zone forms behind the last block. 

This is because the smaller inter-block spacing weakens 
deceleration action on the boundary layer thus reduc- 
ing the extent of the separation zone within that space. 
Also, the effects of additional number of blocks were 

investigated. It was found that the increase in the 
number of Hocks has no effect on the main features 
of the flow and temperature fields. 

CONCLUSIONS 

The flow field and thermal characteristics ofexter- 
nal laminar forced convection flow over a porous 
block array are investigated numerically. Com- 
putations for flow and temperature fields were per- 
formed to study the effects of various governing pa- 
rameters, such as Reynolds number, Darcy number, 
inertial parameter, Prandtl number and two geometric 
parameters. ~ompa~sons of the local Nusselt number 
at the wall with and without porous promoters were 
also made. Two distinct boundary layers were shown 
to exist for the velocity field, while only one boundary 
layer was observed for the temperature field. It was 

shown that the porous block array significantly 
reduces the heat transfer rate at the wall. The extent of 
the reduction depends on the values of the governing 
parameters. The variation of local Nusselt number 
distribution with an increasing or decreasing mean is 
determined by whether or not there is the isolated 
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FIG. 9. Effects of the Reynolds number on the Nusselt number for flow through four obstructing porous 
blocks for Dar = 8 x 10v6, AL = 0.35, Pr = 0.7, /c,& = 1.0, A = 6, B = 1, If* = 0.02. 
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FIG. 10. Effects of the Prandtl number on the Nusselt number for flow through four obstructing porous 
blocks for Re, = 3 x lo’, DaL = 8 x 10b6, A, = 0.35, k&r = 1.0, A = 6, B = I, H* = 0.02. 
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vortex flow near the wall. Therefore, this con- 
figuration can be used as a thermal insulator for flows 
which have strong parabolic characters. Overall, it is 
shown that the presence of a porous block array near 
an impermeable boundary significantly changes the 
convection characteristics. 
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