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Abstraet--A numerical estimation was made for the laminar flow and heat transfer through a porous 
medium placed in a flow passage with a miter bend. Heat transfer between solid material and fluid was 
considered in the numerical analysis. The calculations were performed for the Darcy number Da = 1- 
2.5 x 10 -6, ti~e ratio of thermal conductivity of solid material to fluid R R M  = 1-1000, the parameter for 
heat transfer between solid material and fluid H~ = 10--1000 and the Reynolds number Re = 300. The 
results of local heat transfer and dimensionless stream function were compared for the cases with and 
without a porous medium. The behavior of the flow, the solid and gas temperatures, the Nusselt number 
with these parameters and the thermal performance were illustrated. It was found that a porous medium 
with high R R M  and Hs should be selected with an optimum Darcy number to enhance the local heat 

transfer without a significant flow resistance. Copyright © 1996 Elsevier Science Ltd. 

INTRODUCTION 

A porous medium has been applied to the control of  
heat transfer in various ways. We have experimentally 
and numerically investigated heat transfer charac- 
teristics at room temperature in the case where a 
porous medium is placed in a channel as a turbulence 
promoter,  which causes only a low pressure drop [1, 
2]. Thus, the effectiveness of  using a porous medium 
to improve the heat transfer has been confirmed. In 
order to make the best of  the experience gained 
through these studies and to advance the application 
of  porous media to heat storage type heat exchangers, 
regenerators and filters in Stirling engines, it is essen- 
tial to analyze how the local flow and heat transfer 
can be controlled by placing a porous medium in a 
forced convection dominated field. Kaviany studied 
heat transfer characteristics when a porous medium 
was placed in a channel of  parallel plates, both of  
which were heated to a constant temperature [3], and 
when such a med'.ium was placed on a semi-infinite 
plate with uniform temperature [4]. Also, Poulikakos 
et al. studied the distributions of  velocity, Nusselt 
number and pressure gradient along the flow direc- 
tions in a channel partially filled with a porous 
medium, which was placed to cover the heated wall 
[5] and which was installed in the center of  the flow 

passage locally [6]. Furthermore,  Hunt  et  al. exper- 
imentally analyzed the heat propagat ion through a 
fibrous medium and evaluated average heat transfer 
along the flow direction [7]. In these studies straight 
ducts were used and heat diffusion inside a porous 
medium was evaluated using the effective thermal con- 
ductivity of  the fluid-saturated porous medium. 

In the present study, we use a flow passage with a 
miter bend ; a porous medium is placed downstream 
of the bend and the effects of  the medium on the local 
flow and heat transfer are numerically analyzed. In 
the study, heat transfer between the solid medium and 
fluid is taken into consideration. A bent duct was 
selected as a flow passage because a duct containing 
bends elucidates the effect of  a porous medium more 
clearly than does a straight duct. 

DESCRIPTION OF THE PROBLEM 

Figure 1 shows a schematic diagram of  the system 
used in the present study. The flow passage system 
consists of  parallel plates whose upper edge is des- 
ignated as the origin of  x- (horizontal) and y- (ver- 
tical) axes. The height of  the inlet and exit is set to Y0- 
Fluid enters the inlet o f  the duct with a laminar fully 
developed velocity distribution (parabola distri- 
bution). The fluid enters the bend section after passing 
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NOMENCLATURE 

surface area of a solid particle 
Darcy number = g/h  2 

width of porous medium = 2y0 
heat transfer coefficient between solid 
material and fluid 
dimensionless width = h/yo 
dimensionless 
parameter = hknsAsy2/2g 
dimensionless parameter = Hs(2g/2s) 
permeability 
number of solid particles in unit 
volume 
Nusselt number = ~" 2y0/2g 
Prandtl number 
heat flux 
Reynolds number = Urn" 2yo/V 
thermal conductivity ratio = 2s/2~ 
temperature 
fluid temperature at entrance 
heated wall temperature 
velocity along x-direction 
mean velocity across the section 
dimensionless velocity along x- 
direction 
velocity along y-direction 
dimensionless velocity along y- 
direction 

X 

Y0 
Y 

dimensionless coordinate = x/yo 
width of flow passage at entrance 
dimensionless coordinate = Y/Yo. 

Greek symbols 
c( heat transfer coefficient between 

heated wall and fluid 
e porosity 
® dimensionless temperature (refer to 

equation (1)) 
stream function 

~P dimensionless stream function (refer to 
equation (1)) 

e~ vorticity 
f~ dimensionless vorticity (refer to 

equation (1)) 
2 thermal conductivity 
p viscosity 
p effective viscosity of porous medium 
v kinetic viscosity. 

Subscripts 
g fluid 
s solid. 

x _ h-2yo 

Y q ~  

I I 
I 

q I 

I 

Fig. 1. Coordinate system. 
E x i t  

the 10y0 straight section. A porous medium is placed 
to cover the duct height h (=  2y0) and its length 5y0 in 
the y-direction. Sidewalls are heated on both upstream 
side walls (Au-Ad) and downstream side wall (Bu- 
Bd) under the uniform heat flux, q. The fluid flow 
further develops after passing through the bend sec- 
tion and straight section which extends over the down- 
stream section 50y0. Furthermore, nonheated walls 
are thermally insulated. Considering the medium as a 
mass of spherical particles, we set the porosity, per- 

meability, surface area of a particle, number of par- 
ticles per unit volume and heat transfer coefficient 
between particles and fluid as e, K, As, ns and hA, 
respectively. The momentum equations of the flow in 
the porous medium are constructed on the basis of 
the non-Darcy model in which the Brinkman term 
(viscous term) and Forchheimer term (inertia term) 
are included [8]. With respect to heat transfer field, 
thermal radiation is ignored, since heat conduction 
and convection dominate over it. Moreover, heat 
transfer between the porous medium and fluid is also 
considered. The thermal properties of the fluid and 
porous medium are assumed to be constant. 

NUMERICAL ANALYSIS 

The governing equations (flow and energy equa- 
tions) can be written in the dimensionless form (equa- 
tions (2)-(5)) by using the following parameters 
(equation (1)) including a stream function ~ and a 
vorticity (o. Here, subscripts g and s represent fluid 
and solid, respectively : 

a~ d~ dv du 
U ~ -  ~ - -  Oy ' v -~x ' o~ Ox Oy' 
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For the solid: 

0219s 0219s 
aX----- 5- - b ~ -  = Hs(19~- 19e). (5) 

The value obtained by Ergun [9] is used for the 
coefficient C on the righthand side of equation (3), 

C == (1 .75 / l~ /~ )C  l~. 

Dimensionless parameters, Da, H e and Hs are defined 
as follows : 

Da = K/h 2, H e = hAnsAsy2/2v H~ = Hg(2g/2s ) 

where Da is the Darcy number and Hg is the dimen- 
sionless parameter of the medium, which represents 
the heat transfer between particles and fluid saturated 
in the porous medium. Depending on whether the 
porous medium is made of particles or nonparticles, 
different values hA are used to represent heat transfer 
coefficient in a porous medium. It is of the order of 
10 -2 to 10 -3 in terms of Nusselt number [10-12]. 
Considering the above fact, we assume H e in the range 
of 1 0-1000 in this analysis. H~ corresponds to the Biot 
modulus on the solid particles. The thermal con- 
ductivity ratio of the solid to fluid 2~/~, e (= RRM) is 
between 10 and 1000 since a gas (Pr = 0.7) is used as 
a working fluid. However, for reference, calculations 
have been performed for RRM = 1. 

Dimensionless boundary conditions are as follows : 

(1) e at entrance, U =  - 6 ( Y 2 - Y ) ,  V = 0 , ® g = 0 ;  
e a t  upper and bottom walls, U = 0 ,  V = 0 ,  

a®g/8 Y = OOJ8 Y = 0 ; 
• at side walls, Au-Ad U = 0 ,  V = 0 ,  OOg/8X= 

(2) RRMOOs/~X = - 1, Bu-Bd U = 0, V = 0, 
OOg/OX = RRMc~Os/OX = 1; 

• at exit, OU/OX = 0, V = 0, O®g/OX = 0 ; 
e a t  interface, OU/OXIs= OU/OX, (F*/I~)OV/~XIs--- 

OV/c~X ; 

where g/p is the ratio of effective viscosity of the 
saturated porous medium to fluid viscosity in the duct. 
Introducing the value used by Neal et aL [13], we 
used the value of ~/# = 1.2 in the present study. With 
respect to the interface, the condition in the Neal- 
Nader case [13], wherein the flow and the interface 
are parallel, was applied for the flow along the y- 
direction. 

Regarding numerical calculations, the governing 
(3) equations are integrated and represented as a con- 

servative system. The upwind scheme is employed for 
discretizing convection terms [14]. The wall vorticity 
is extrapolated using values of stream function on the 
three consecutive grid nodes near and on the wall. 
The algebraic equations are solved iteratively. The 
temperature gradient on the heated wall is also 
obtained by using the values at three grids near and 
on the wall. For the convergent condition, we used the 

(4) criterion that the maximum absolute value differences 
between two successive values of the functions qJ, 
~, and ® at each grid point satisfy the following 
conditions : 

Maxl ~b(")-q~("-l)l ~< 6× 10 -4 

where 4~ represents qJ, f~ or ®. 
Numerical calculations were performed at fixed 

values Re = 300 and Pr = 0.7, whereas the other par- 
ameters were varied, namely, the heat transfer par- 
ameter between solid particle and fluid, Hg (=  10- 
1000), the ratio of thermal conductivity, RRM  (= 1- 
1000), and the Darcy number, Da (=  1 to 2.5 x 10-6). 
The results obtained were examined in terms of the 
dimensionless stream function, W, the dimensionless 
temperature, 19 and the Nusselt number, Nu, 

Nu = 2qyo/{2g(Tw-- To)} = 2/19w, 

RESULTS OF NUMERICAL CALCULATIONS 

Figure 2 shows the results of dimensionless stream 
function q' for cases with and without the porous 
medium. When a porous medium is not present in 
the duct (Fig. 2(a)), the fluid with a fully developed 
laminar profile passes through the entrance and 
impinges to the surface (Bu-Bd). The direction of flow 
is altered by 90 ° . During this process, small vortices 
and large recirculating flow are produced on the right 
upper wall and on the (Au-Ad) side, respectively. The 
center of the recirculating flow is located on the down- 
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Fig. 2. Dimensionless stream function W (Re = 300): (a) without porous medium; (b) Da = 2.5 x 10 2; 
(c) Da = 2.5 x 10 -3 ; (d) Da = 2.5 x 10 -6. 

stream side; the flow on the (Bu-Bd) side is accel- 
erated, changes its direction downstream, and enters 
into the straight section. At the exit, a small recir- 
culating flow of the width Y0 develops in the upper 
section of the duct. Figure 2(b), (c) and (d) show 
dimensionless stream function in the duct obtained in 
the presence of a porous medium, changing Darcy 
number Da. At Da = 2.5 x l0  -2, the size of recir- 
culating flow decreases to one third of that without a 
porous medium, and the center of recirculating flow 
moves to an upstream position (edge of the bend). At 
Da = 2.5 x 10 -3, a small vortex is observed on the 
(Au-Ad) side at the edge of the bend; however, at 
Da = 2.5 x 10-6, recirculating flow disappears and the 
flow becomes uniform well. 

Figures 3 and 4 show the fluid and solid temperature 
distributions in the duct, respectively, obtained at 
Hg = 100 and R R M  = 100 for different values o f  Da. 
Figure 3(a) shows the isotherms of fluid in the absence 
of a porous medium. The figure shows that, due to 
the effect of the recirculating flow on the (Au-Ad) 
side, the temperature over half of the width of the duct 
increases above Og = 0.1, and the isothermal lines 
initiating at the upper corner of the bend ®g = 0.01- 
0.05 move toward the (Bu-Bd) side. When a porous 

medium is present in the duct under this condition, 
the temperature, as indicated by isothermal lines 
®g = 0.01-0.06, rises linearly downward (Fig. 3(b), 
(c) and (d)). The isotherms upstream of the bend 
do not change so much with the decrease in the Da 

number; however, the area with the temperature 
higher than ®g = 0.08 increases. On the other hand, 
the temperature gradient in the porous medium (Fig. 
4(a), (b) and (c)), near the heat transfer surface, is not 
as high as that in the fluid because of high thermal 
conductivity R R M  = 100. The effect of the change in 
the Da number emerges downstream of the bend. With 
the decrease in the Da number, the region of high 
temperature expands in the vertical direction of the 
duct. Figure 5(a) and (b) show the local Nusselt num- 
ber on the heated surface. The dash-chained line 
shows the case without a porous medium. On the (Au- 
Ad) side (Fig. 5(a)), heat transfer on the upstream 
side is remarkably promoted by the insertion of a 
porous medium, due to the reduction of the size of 
recirculating flow and its subsequent disappearance; 
the smaller the value of the Da number, the greater is 
the rate of improvement. On the downstream side, 
however, although the tendency is weak, the larger 
the Da number, the greater is the value of the Nu 
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Fig. 3. Dimensionless fluid temperature ®g (Hg = 100, RRM = 100): (a) without porous medium; (b) 
Da = 2.5 x 10 -2 ; (c) Da = 2.5 x 10 -3 ; (d) Da = 2.5 x 10 -6. 

number. On the o~Lher hand, on the (Bu-Bd) side (Fig. 
5(b)), heat transfi~r is enhanced upstream, up to the 
point  close to Y = 1.0, but its enhancement diminishes 
thereafter. Figure 6 shows the average Nusselt number 
in the case of  dual-side heating. The dashed line on 
the right-hand side of  the figure shows the results for 
the (Bu-Bd) side when porous medium is not  present. 
The fine dotted line shows the result for the (Au-Ad) 
side. The effectiveness of  the insertion of  a porous 
medium into the fiall height of  the flow passage on the 

promotion of  the heat transfer is approximately 2.5- 
fold on the (Au-Ad) side (symbol (3) and approxi- 
mately 1.25-fold on the (Bu-Bd) side (symbol &) ,  as 
compared to the case without a porous medium. 

Figures 7 and 8 show the effect of  the ratio of  
thermal conductivity R R M  (=2s/2e,) on the tem- 
perature distribution of  the fluid and medium at 
Da = 2 .5x  10 -3 and Hg = 10. When the value of  
R R M  is large (Fig. 7(a)), the temperature rise near 
the center of  the flow passage is mild due to heat 

( a )  D a = 2 . S x l 0  - a  

Fig. 4. Dimensionless solid 
( b )  D a = 2 . § x l 0  - s  ( c )  D a = 2 . 5 x l 0  -B  

temperature ®~ (H~=100, R R M =  100): (a) Da=2.5x lO-Z;  (b) 
Da = 2.5x 10-3; (C) Da = 2.5x 10 -6. 
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Fig. 5. Local Nusselt number (H~ = I00, RRM = I00) : (a) 
(Au-Ad) side; (b) (Bu-Bd) side. 

diffusion by the porous medium. The isotherm of 
Og = 0.04 extends downstream of the miter bend. This 
indicates that the thermal boundary layer, whose tem- 
perature gradient near the heated walls is large, is 
relatively thin. Conversely, when the value of R R M  is 

small (Fig. 7(b)), tendency opposite to this is 
observed. The isotherm ®~ = 0.04 does not extend 
downstream and the temperature near the (Bu-Bd) 
side rises. With respect to the temperature of the 
porous medium (Fig. 8(a) and (b)), due to the direct 
effect of heat diffusion, the temperature of the entire 
flow passage increases for the case of small R R M .  
This means that heat storage is also promoted by a 
porous medium. The temperature distribution within 
the cross section is averaged out. Accordingly, the 
larger the value of R R M ,  the higher is the value of the 
local Nusselt number on the heated walls for both the 
(Au-Ad) side and (Bu-Bd) side (Fig. 9(a) and (b)). 
However, there is a section on the (Bu-Bd) side where 
the local heat transfer deteriorates as compared to the 
case without a porous medium. This happens when 
the heat transfer parameter between the porous med- 
ium and fluid, Hg, is too small. 

Figures 10 and 11 show the effect of the heat transfer 
parameter between the porous medium and fluid, Hg, 
on temperature distributions of the fluid and porous 
medium, respectively, at Da = 2.5x l0 -3 and 
R R M  = 100. When the value of Hg is large (Figs. 
10(a) and 11 (a)), the temperature difference between 

.30 .20 
0.10 ~.10 

O ~  0041 

O. 0.40 

(a)  RRM=IO00 (b) RRM=IO 
Fig. 7. Dimensionless fluid temperature Og (Da = 2.5 x 10 -3, H s = 10) : (a) R R M  = 1000 ; (b) RRM = 10. 
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Fig. 10. Dimensionless fluid temperature ®g (Da = 2.5 × 10 -3, RRM = I00): (a) Hg = 1000; (b) Hg = 10. 
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Fig. 11. Dimensionless solid temperature O~ (Da = 2.5 × 10 -3, RRM = 100) : (a) Hg = 1000 ; (b) Hg = 10. 

the porous medium and fluid is small, the temperature 
distribution profiles of the two phases are similar, and 
the thermal boundary layer is relatively thin. When 
the value of H~ is small, the tendency is reversed ; at 
the center of the flow passage, the temperature of 
the porous medium is higher than that of the fluid• 
Accordingly, the local Nusselt number on the heated 
walls (Fig.12(a) and (b)) increases on both (Au-Ad) 
and (Bu-Bd) sides with the increase of Hg. When the 
value of H, is varied 100-fold, the local Nusselt num- 
ber increases approximately 1.7-fold on the (Bu-Bd) 
side. Therefore, the effect of Hg on Nu is greater than 
that of RRM. 

Thermal performance is evaluated in Fig. 13, which 
shows the relationship between the mean Nusselt 
number ratio, Num/NUo and pressure drop ratio, 
AP/APo, where the subscript 0 indicates pure fluid 
flow in the absence of a porous medium. The solid 

line of inclination angle 45 ° means that the level of 
heat transfer improvement is the same as that of the 
pressure drop increase. The figure shows that the 
porous medium is effective from D a =  oo to 
Da = 2.5 x 10 -3 for low pressure drop and high heat 
transfer enhancement on the (Au-Ad) side at 
Re = 300. Thus, the effective region of high thermal 
performance and the value of the Da number which 
gives the highest value of (Num/Nuo)/(AP/APo), exist 
for each Reynolds number. However, we should note 
the porous medium may suppress the heat transfer on 
the other (Bu-Bd) side. 

CONCLUSIONS 

Using a duct containing two bends, effects of a 
porous medium on heat transfer under forced con- 
vection were studied numerically for laminar flow. 
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A l though  the var ious Da numbers  con t r ibu ted  to the 
deve lopment  of  the flow state, the flow field remains  
un i fo rm t h r o u g h o u t  the vertical flow passage at  
Da <~ 10-3; a fur ther  decrease in the Darcy  n u m b e r  

does no t  change the flow pat tern.  The  rat io  of  the rmal  
conductivi t ies  between the porous  med ium and  fluid, 
R R M ,  affects the heat  diffusion in the flow passage, 
and  controls  its heat  s torage capacity. The heat  t rans-  
fer parameter ,  Hg, between the porous  med ium and  
fluid influences the result ing tempera ture  difference 
between two phases. Consequent ly ,  the local heat  
t ransfer  over  a section of  a heated  wall can  be 
enhanced  by selecting a porous  med ium with high 
values of  R R M  and  Hg. The effective region of  high 
heat  t ransfer  enhancemen t  and  low pressure d rop  and  
the value of  Darcy n u m b e r  which gives the highest  
performance,  exist for each Reynolds  number .  
Accordingly,  the results ob ta ined  in the present  s tudy 
can be useful for selecting a suitable porous  med ium 
for the improvement  of  local heat  t ransfer  in practical  
systems. 
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