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A numerical study of fluid flow and convective heat transfer in a plate channel filled with solid (metallic) 
particles is presented in this paper. The study uses the thermal equilibrium model and a newly 
developed numerical model which does not assume idealized local thermal equilibrium between the 
solid particles and the fluid. The numerical simulation results are compared with the experimental 
data in reference [2]. The paper investigates the effects of the assumption of local thermal equilibrium 
versus non-thermal equilibrium, the thermal conductivity of the solid particles and the particle diameter 
on convective heat transfer. 
For the conditions studied, the convective heat transfer and the temperature field assuming local ther- 
mal equilibrium are much different from that for the non-thermal equilibrium assumption when the 
difference between the solid and fluid thermal conductivities is large. The relative values of the thermal 
conductivities of the solid particles and the fluid also have a profound effect on the temperature distri- 
bution in the channel. The pressure drop decreases as the particle diameter increases and the convective 
heat transfer coefficient may decrease or increase as the particle diameter increases depending on the 
values of e, ~., A/, Ad, a~, p~. 

Keywords: porous media, local thermal equilibrium; non-thermal equilibrium, particle diameter, 
convective heat transfer. 

I N T R O D U C T I O N  

Heat  transfer enhancement techniques play very im- 
por tant  roles in thermal control technologies used for 
microelectronic chips, powerful laser mirror, aerospace 
craft, thermal nuclear fusion, etc. Porous structures 
intensify the mixing of the flowing fluid and enhance 
the convective heat transfer. Therefore, single-phase 
flow through porous media is an effective method for 
cooling structural parts and surfaces receiving a high 
heat flux. In recent decades, several cooling systems 
using microchannels or porous structures have been 
used for mirrors in powerful lasers. Jeigarnik et ai.I1,2] 
and Haritonov et al.13] numerically and experimentally 
investigated convective heat transfer on flat plates and 
in channels filled with porous materials. Their  results 
show that  the porous media may increase the heat 
transfer coefficient 5-10 times although the hydraulic 
resistance was increased even more. Subbojin and 
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Haritonov[ 4] gave an overall review of heat transfer 
and flow characteristics in the cooling systems of pow- 
erful lasers using porous matr ix  materials. They  point 
out that  the use of porous media can greatly intensify 
the heat transfer and very high heat fluxes (4 × 107 
W / m  2) can be obtained using single-phase water. As 
pointed out by Nasr et al.[5], in the on-going search for 
techniques to augment convective heat transfer, atten- 
tion has been directed at the possibility of embedding 
the heat transfer surface in a packed bed. 

In recent years, the influence of the non-Darcian ef- 
fects; variable porosity, variable properties, and ther- 
mal dispersion in the porous medium; on the fluid 
flow and heat transfer have been widely studied, for 
example, by Choi and Kulacki[ 6], Kwendakwema and 
Boehm[7], Wang and Du Is], David et al.[ 9], Hsu and 
Cheng [1°], Clarksean et al.[ll] and Jiang et al. [12,13]. A 
comprehensive review of heat  and fluid flow character- 
istics in packed beds was published by Achenbach [14]. 
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Notation 
c~ fluid specific heat [J/kgK)] 
dp particle diameter [m] 
F inertia coefficient [dimensionless] 
h channel height [m] 
h f fluid specific enthalpy [J/kg] 
h f  dimensionless fluid specific enthalpy, 

(hf - ho)/(q~,C.poh/Alo ) 
K permeability of porous medium [in 2] 
L channel length [m] 
N number of divisions in x direction 
p pressure [Pa] 
p+ dimensionless pressure, p/(pou~o) 
Ap pressure drop [Pal 
Pr  Prandtl number, v /a ,  [dimensionless] 
q heat flux [W/m 2] 
Re Reynolds number [dimensionless] 
T temperature [K] 
up pore velocity in x direction [m/s] 
u + dimensionless pore velocity in 

x direction, up/uo 
Up absolute value of pore velocity, (u~ + v~) 1/~ 
vp pore velocity in y direction [m/s] 
v + dimensionless pore velocity in y 

direction, vp/Uo 
x, y coordinates in the flow region [m] 
x+ dimensionless z coordinate, x/h 
y+ dimensionless y coordinate, y/h 

G r e e k  s y m b o l s  
a heat transfer coefficient [W/(m~K)] 
a~ ;ocal heat transfer coefficient [W/(m2K)] 
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average heat transfer coefficient [W/(m2K)] 
volumetric heat transfer coefficient between 
solid particles and fluid [W/(maK)] 
thermal conductivity [W/(mK)] 
dispersive component of 
thermal conductivity [W/(mK)] 
fluid thermal conductivity [W/(mK)] 
stagnant effective thermal conductivity of fluid 
and porous media [W/(mK)] 
solid particles thermal conductivity [W/(mK)] 
thermal conductivity of solid 
particle material [W/(mK)] 
fluid absolute viscosity [Ns/m 2] 
effective absolute viscosity [Ns/m 2] 
kinematic viscosity [m2/s] 
fluid density [kg/m 3] 
porosity, [dimensionless] 
mean porosity, [dimensionless] 
Superscripts 
dimensionless quantity 
average values 
Subscripts 
upper wall 
lower wall 
bulk mean temperature 
dispersion 
fluid 
pore 
solid 
heated section inlet 
wall 

But there are yet some problems that  need to be in- 
vestigated further. For example, the model for the 
additional thermal conductivity resulting from ther- 
mal dispersion needs to be perfected. Kwendakwema 
and Boehmff], Wang and Du Is], David et al. [9] and 
Jiang et al.[12,13] found that  heat transfer increases as 
the particle diameter increases, but  deigaruik et al.[ 2] 
and Nasr et al.[s] found the opposite result. Jeigarnik 
et al.[2] and Nasr et al. [5] related their results to the 
heat transfer surface increase as the particle diameter 
decreases. Jiang et al.[13] explained their different con- 
clusions by noting that  the experiments of Jeigarnik et 
al.[2] used water flowing through the packed bed made 
of metallic particles, and the experiments of Nasr et 
al.[5] used air flowing through a packed bed of alu- 
minum, alumina, glass and nylon spherical particles. 
In both cases, the thermal conductivity of the parti- 
cles (metallic) was much higher than the fluid (water 
and air), so the heat transfer coefficients on the wall 

were controlled mainly by conduction heat transfer 
from the solid particles to the wall. When dp de- 
creased, the contact surface between the wall and 
the particles increased, so the heat transfer coeffi- 
cient increased. In the research of Kwendakwema and 
Boehm [z] , Wang and Du Is], David et al. [9], and Jiang 
et al. [12,13], the thermal conductivity of the particles 
(glass) and the fluids (water) were of the same or- 
der; therefore, the heat transfer coefficients on the wall 
were controlled mainly by the convective heat transfer 
in the bulk fluid. When dp increased, the thermal dis- 
persion increased and, hence, the heat transfer inten- 
sified. The possible non-linear effects of the'particle 
diameter, dp, on the convective heat transfer coeffi- 
cient will be analyzed in detail in the present work. 
A deeper Understanding of the effect of the particle 
diameter on convective heat transfer phenomena in 
porous media will lead to improved optimization of 
heat exchangers using porous structures. 
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Kuo et  al.[15], Sozen and Vafai [161 and Florio et 
al. 117] studied the flow and heat transfer in a cryogenic 
packed-bed regenerator, the condensing flow of a gas 
through a packed bed and the thermally-induced re- 
sponse of a decomposing glass-filled polymer compos- 
ite, assuming non-thermal equilibrium between the 
solid and fluid phases. Florio et alfl  71 predicted de- 
viations from local-thermal equilibrium as high as 
200°C. Most previous theoretical analysis and numer- 
ical simulations for convective heat transfer of single- 
phase fluids in porous media assumed local-thermal 
equilibrium between the solid particles and the fluid. 
Haritonov et hi.[ 3] pointed out that the temperatures 
of the fluid and the solid matrix (metallic particles) 
are not the same, although there is intensive mixing 
of the fluid in the porous media. This paper compares 
the thermal equilibrium model and a newly developed 
numerical model which does not employ the local ther- 
mal equilibrium assumption between the solid parti- 
cles and fluid using a numerical study of fluid flow 
and convective heat transfer in a plate channel filled 
with solid (metallic) particles. The numerical simula- 
tion results are compared with experimental data in 
Jeigarnik et hi.[ 2] . The study considers the effect of as- 
suming local thermal equilibrium versus non-thermal 
equilibrium, the conductivity of the solid particles and 
the particle diameter on convective heat transfer. 

isted before the heated section. The fluid is single- 
phase and the flow is two-dimensional, steady , non- 
Darcian flow. Because only high Peclet number flow 
is treated, longitudinal conduction in the fluid and the 
pressure variation in y direction are negligibly small. 

The steady state, two-dimensional governing equa- 
tions for single--phase fluid flow in an isotropic, homo- 
geneous porous medium based on Brinkman-Darcy- 
Forchheimer model with the consideration of variable 
properties, variable porosity and thermal dispersion 
can be written in the following form: 

+ = 0 ( 1 )  
Oz c3y 

+ 
O:r Oy 

p f F  U 

0 [ Ouv'~ 

h PYCut~dY = pouoh (3) 

The energy equation for the fluid and solid phases as- 
suming thermal equilibrium, T,(z ,  y) = T f (x ,  y), can 
be written as: 

P H Y S I C A L  M O D E L  A N D  M A T H E M A T I -  
CAL F O R M U L A T I O N  

The physical model and the coordinate system are 
shown in Fig.1. The model considers fluid flow and 

Tfo, ~o 

Y 

qw 

L 

Fig.1 Schematic diagram of the physical system 

convective heat transfer in a plate channel filled with 
homogeneous, isotropic solid particles. The upper 
plate of the channel received a constant heat flux, 
qlw, while the lower plate was adiabatic. Flow en- 
tered the channel with an average velocity, Uo, and 
constant temperature, T,o. An adiabatic section ex- 

O(pfeuphf) + O(pyEuphf) 
Oz Oy 

0 [ (~,m + ~'d) OhJ 1 (4) Oy L ~ J cpy 

Using the non-thermal equilibrium model, Ts(x, y) # 
T f (x ,  y), the fluid phase and solid phase energy equa- 
tions are: 

O(pfeuphf) + i)(pfeuphy) 
Ox Oy 

O [(~V+~,d) Oh,1 
- Oy L ~-~ ~--g-~-yJ + ~,,(T, - T~) (5) 

~ [~,(1 . o r , 1  Or, 

-a,,(T. - TI) = 0 (6) 

The corresponding boundary conditions are: 

x = 0 ,  = .  = = p ( v ) ,  = v . ( y ) ,  = 

y = 0 ,  u v = v p = O  , 

qlw = qw = -AIOTI /OY = -AsOTs/Oy 

y = h, ,up = r,p = O, q2w = O 



46 

Parameters used in Eqs.l-6 were obtained from 
Haritonov et al. [3}, Jiang et al.[l~l, Achenbach[141, 
Cheng et al.[Is] and Zehner and Schlunder[19]: 

K = d ~ / ( 1 5 0 ( 1  - ~)~); 

F = 1.75/(V~-de3/2); 

~ = o . o 2 5 ( p c ~ h d ,  l U ,  l (1  - ~); 

e = ~o~(1 + Ce-e  -2~/dp) (0 <_ y G h/2); 

2 v 7 - ~  
A'~ = [ 1 -  f f Z - ~ ]  + 1 - c r B  AI 

[ (1 - a ) B  1 B 4- 1 B -  1 

B = 1.25((1 - e)/¢)1°/9; 

~, = ~ma(1 -- ~ ) / (1  + e); 

a = AS/A~ 

N~ = ~a~/~s = [(l.lSae°'~) ~ + 10.2aReo.~]I/~, 

(Achenbach's formula) 

N u  = adv/A I ---- [1 + 1.5(1 - e)] 

(2 + ~//v~,~ + N ~ ) ;  

(Gnielinski's formula) 

Nut = 0.664Pr1/3(Re/~) 1/2 

O.037(Re/e)°'Spr 
N u t  

1 + 2.443(Re/c)-° . ' (pr2/a - 1) 

Re = e p l t p d p / # ;  

Reh = Re~(1 - ¢); 

~ = ~ . 6(1 - ~) /a~ 

In momentum equation, Eq.(2), the terms on the 
left-hand side are the inertia terms. The terms on the 
right-hand side are the pressure gradient term, the 
Darcy term, the Forchheimer term and the Brinkman 
term, respectively. When e = 1, K is infinity and the 
momentum equation describes Newtonian fluid in a 
parallel plate channel without porous media. There- 
fore, Eq.(2) is suitable for 0 <~ e _< 1. The thermophys- 
ical properties of water were obtained from Rivkin and 
Aleksandrov [2°] in tabular form. The property values 
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used in the calculations were determined by second- 
order interpolation relative to enthalpy. 

NUMERICAL M E T H O D  

The governing equations for the problem under con- 
sideration are coupled and non-linear, making analyt- 
ical solution impossible. Therefore, the equations were 
solved numerically using the finite difference method. 
With the appropriate dimensionless parameters, the 
governing equations, Eqs. (1)-(6), and the boundary 
conditions were first transformed into dimensionless 
form. Then, the dimensionless governing equations 
were discretized using control volume integration. The 
fluid phase equations, Eqs.(1)-(5), are parabolic in x. 
Therefore, when the local-thermal equilibrium model 
is employed, Ts(x, y) = Tl (x ,  y), the solution for 
Eqs.(1)-(4) can march in the downstream direction, 
Jiang et al. [12'13]. However, when the non-thermal 
equilibrium model is used, Ts(x ,y)  ~ T l ( x , y  ), the 
solid phase energy equation, Ecl.(6), is elliptical and 
the upstream solid phase temperatures are function 
of the downstream temperatures. Therefore, itera- 
tion is necessary to solve Eq.(6). Since Eqs.(1)-(3),(5) 
and (6) are coupled to each other, the specific solu- 
tion procedure was as follows. First, for a particu- 
lar axial location, the algebraic dimensionless forms 
of Eqs.(2) and (3) were solved simultaneously for the 
unknowns u + and p+. The velocities, v +, were then 
evaluated from the continuity equation, Eq.(1). Then 
the fluid phase energy equation, Eq.(5), was integrated 
to obtain the fluid enthalpies, h~. Fluid temperatures 
and thermophysical properties were then evaluated by 
second-order interpolation. The solid phase energy 
equation, Eq.(6), was then iterated to obtain the solid 
phase temperatures, T~. The algorithm then recalcu- 
lated u+,p +, v + h+ and T~ with the updated physical v , ' ~ f  
properties for as many as 20 iterations. The above 
procedures were then repeated for the next axial loca- 
tion. After the solution transversed the entire length 
of the channel, the algorithm returned to the initial 
axial location and the above procedures were then re- 
peated until all of the convergence criteria were satis- 
fied. Due to the no-slip boundary conditions and vari- 
able porosity, steep velocity gradients were expected 
near the wall. Therefore, a non-uniform grid was em- 
ployed with 202 grid points normal to the wall and 
202 grid points in the axial direction. 

The desired convective heat transfer parameters 
were evaluated as follows: 
Local heat transfer coefficient on the upper wall: 

q lw  
ax = T1,~(x) - Tfb(x) (7) 
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Average heat  transfer coefficient on the upper  wall: 

qlw 
OL e = ~ l w ( X )  - -  "T,fb(X) 

(s) 

Pressure drop: 

j----2 

(9) 

R E S U L T S  A N D  D I S C U S S I O N  

In the numerical calculations, water  at Tfo = 
298.2K was used except where noted. The  results were 
checked in numerous ways to verify the reliability of 
the phys ica l -mathemat ica l  model, the solution proce- 
dures and the numerical simulation p rog ram .  When  
the heat  flux, qlw, was small or the mass  flux, pouo, 
was very large, the t empera ture  distribution in the 
fluid and in the solid particles was nearly the same re- 
gardless of whether  variable thermophysical  propert ies  
or constant thermophysical  properties were used in the 
calculation. The numerically predicted pressure drop 
per unit length and average convective heat  t ransfer  
coefficient on the upper  plate surface were compared 
with values measured experimentally by Jeigarnik et 
al.[21 in Fig.2 and Fig.3. Discussion of the results in 
the next  section leads to implications for the mod- 
els currently used to predict pressure drop and heat 
transfer in porous media. After comparing the nu- 
merical and experimental  results, the effects of solid 
phase thermal  conductivity and particle diameter  are 
discussed in detail. 

C o m p a r i s o n  o f  N u m e r i c a l l y  P r e d i c t e d  a n d  
E x p e r i m e n t a l l y  M e a s u r e d  D a t a :  

Measurements by Roblee et al. [21] and Benenati  and 
Brosilow [221 showed tha t  the porosity of a packed-  
sphere bed increased from a value of 0.36 ~0.4 in the 
bulk of the bed to 0.8 N1.0 at  the wall. The  porosity 
variation took the form of a damped  oscillatory func- 
tion with the oscillations damped  out at about  4 ~5  
sphere diameters  from the wall. In the experimental  
research of Jeigarnik et al. [21, the porous s t ructure  was 
formed by sintered bronze particles, where the average 
porosity is 0.21~0.25 which is smaller than  packed-  
sphere bed. Therefore, the variation of the porosity 
in sintered porous structures may be different from 
general packed beds. Several variable porosi ty mod- 
els were used in the numerical calculations. I t  was 
found tha t  for the conditions coo = 0.21, h = 1.72 
ram, dp=O.18 m m  and e o o =  0.23, h = 0.86 mm,  

dp-0 .18  mm,  when the constant,  C~, in the variable 
porosi ty model was taken as (0 .6 /e~  - 1), the numer-  
ically calculated values of pressure drop agreed well 
with the experimental  da ta  reported in Jeigarnik et 
al.[2], Fig.2. For the conditions eoo -- 0.25, h = 1.76 
mm,  dp=0.18 ram, when the constant,  Ce, was taken 
as (0.98/eoo - 1), the  numerically calculated values 
of pressure drop basically agreed with the experimen- 
tal  da ta  of Jeigarnik et al.[2]. However, when C ~ w a s  
taken as (0 .9 /eoo-1) ,  the numerically calculated pres- 
sure drop was higher than  tha t  measured experimen- 
tally. I t  is well known tha t  the porosi ty has a profound 
effect on the flow field and pressure drop. Therefore, 
the variable porosi ty model in sintered porous struc- 
tures needs further investigation. Achenbach [14] found 
tha t  at  ¢ = 0.4, a 1% error in 6 caused a 4% error in the 
pressure drop. In the  present research, it was found 
tha t  for e = 0.21, a 10% error in e caused a 29% error 
in Ap. 
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F i g . 2  Numerically predicted pressure drop per 
unit length (*,o,+ - Experimental data[2]; 
1,2,3 - Numerically predicted value) 
1 , *  - h = 1 . 7 2 m m ;  e ~ = 0 . 2 1 ,  

C~ = 0.6/~o~ - 1; @ = 0.18 mm 
2, o - h = 0.86 mm, ~oo ---- 0.23 

C~ = 0 . 6 / ~  - 1; @ = 0.18 mm 
3, + - h - 1.76 ram, ¢o¢ = 0.25, 

C~ = 0.98/~oo - 1; (solid line) 
C~ = 0 . 9 0 / ~  - 1 (dotted line): 
dp - 0.18 mm 

As shown in Fig.3 the numerically calculated aver- 
age convective heat  t ransfer  coefficient differed some 
from the coefficients determined experimental ly by 
Jeigarnik et al.[2], but  their overall tendencies are in 
accordance with each other. The  deviations may re- 
sult f rom the following: first, the physical model used 
in the numerical calculation in the present research 
and the experimental  setup used by Jeigarnik et al.[2] 
were not identical. I n  the experimental  setup,  the 
fluid flowed into and out of the plate porous  chan- 
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nel t h rough  small  channels placed perpendicular  to  
the  hea ted  surface. Secondly, the  variable poros i ty  
mode l  and  the  model  for the convective heat  t rans-  
fer coefficient between the solid part icles and  the  fluid 
are no t  well established. Thirdly,  the  Sintered porous  
s t ruc tures  may  differ significantly f rom the pa cked -  
sphere bed ( the wel l -known phys i ca l -ma thema t i ca l  
mode l  for convective heat  t ransfer  in porous  media  
was developed for the  packed-sphere  bed).  Therefore,  
the  character is t ics  of  sintered porous  s t ruc tures  need 
fur ther  study. As shown by  curve No.1 in Fig.3, the  
choice of  the  loca l - the rma l  equi l ibr ium model  or  the  
n o n - t h e r m a l  equi l ibr ium model  be tween the  fluid and  
solid phases, or the different formulas used to  predict  
the  convective heat  t ransfer  between the  solid part i -  
cles and  the  fluid significantly affected the  calculated 
results. Achenbach  [14] pointed  out  t h a t  for Reynolds  
numbers  R e  < 500 the  results using Achenbach ' s  for- 
mula  are lower t h a n  those predic ted  by Gnielinski 's  
formula,  as can be  seen in Fig.3. T he  second and  
th i rd  curves in Fig.3 show tha t  the  different vari- 
able poros i ty  models  significantly affect the  convective 
hea t  transfer,  again indicat ing tha t  more  development  
is needed for the  variable poros i ty  model  in sintered 
porous  s t ructures .  

10.0 ----a~ according to Achenbach's Formula 
...... Ct~ accordin~ to Gnielimki's Formula 
--- local thermal equilibrium 

8.0 l ~ : / ~  

4.0 , , ~ : f , ~ ~  - '3  
X ~o,/ / .  - ~,- 

2.0. 

0 50 100 150 200 250 300 
p u .  kg/(m2s) 

Fig .3  Numerically predicted average heat transfer 
coefficient (*,o, - Experimental data[21; 
1,2,3 - Numerically predicted value) 
1 ,*  - h = 1 . 7 2 m m ;  eo¢ = 0 . 2 1 ,  

C~ = 0.6/coo - 1;@ = 0.18 mm 
2,3, o - h = 1 . 7 6 m m ,  e~  =0 .25  

dp = 0.18 mm 
2, - C~ = o.90/eoo - 1; 
3, -Ce = 0.98/e~ - 1 

E f f e c t  o f  T h e r m a l  C o n d u c t i v i t y  
Fig.4, Fig.5 and  Fig.6 show a compar ison  of  an- 

alyt ical  solid and  fluid t empera tu re  profiles for dif- 
ferent solid particle the rmal  conduct ivi t ies  and A~ = 
A / +  Ad ~ 1 2 W / ( m K ) .  For the condit ions i n F i g . 4  , 

322 - - -  Ts(x,Y) 

318 - ", 

314- i" 
- , , ,  

310-~, , .~3 

306 ~i~,~vJ 2 

0.0 0.2 0.4 

. . . .  r : ( x , y )  

, ,  

o:6 0:8 1.0 
Y / h  

Fig .4  Predicted temperature distribution of solid 
particles and fluid (Am~=34 W/(mK)) ,  
pouo = 160 kg/(m2s); q,,, = 108 W / m  2 
@=0.18  man; h = 1.72 ram; e'oo = 0.21; 
Ce = 0.6/e~,, - 1; z / h :  1-1.6, 2-3.0, 3-5.2 

318 ~ - -  Ts(x,y) . . . .  Tf(x,y) 

314 

310 301  
y 3  

302 - ,~2 

298 
o o o:1 0:2 0:3 0:4 0.5 

Y/h 

Fig.5  Predicted temperature distribution for solid 
particles and fluid (Am~=0.6 W/(mK)) ,  
Pouo = 160 kg/(m2s); q~, = 105 W / m  2 
@=0,18  ram; h = 1.72 mm; coo = 0.21; 
C~ = 0.6/coo - 1; :r/h: 1-1.6, 2-3.0, 3-5.2 
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- -  Ts(x.y) . . . .  T/(x.y) 
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301.0 \ \x 

300.0 : ) , S , :  2 
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0.0 0:2 0:4 0:6 0:8 
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F ig .6  Predicted temperature distribution for solid 
particles and fluid (A,~=18.4 W/(mK)) ,  
pouo = 160 kg/(m2s); q~ = 105 W / m  2 
@=0.18 mm; h = 1.72 re_m; e~  -~ 0.21; 
C, = 0.6/coo - 1; x / h :  1-1.6, 2-3.0, 3-5.2 
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A, = 22.2 W / ( m K )  and A, > A~, the temperature  of 
the solid phase near the upper wall was lower than  
the fluid temperature  and the solid-fluid temperature  
difference increased in the downstream direction and 
with increasing ql~. Since the porous media can sig- 
nificantly enhance convective heat transfer, the tem- 
perature  gradient near the upper wall was very large. 
It can be seen from Fig.4 tha t  when y > 0.3h or 
y > 2.9dp, the solid particle tempera ture  and the fluid 
tempera ture  were nearly the same and equal to the in- 
let temperature,  indicating that  the heat penetrat ion 
thickness was 0.3h for the given conditions. For the 
conditions in Fig.5, A, : 0.39 W/(mK)<< A~, the solid 
phase temperature  near the upper wall was higher 
than the fluid temperature  but  for y > 0.1h the solid 
phase and flhid phase temperatures  were equal. It  can 
be found from Fig.6 that  when A~ = 12 W / ( m K ) ~  Ae, 
a small difference existed between the solid particle 
tempera ture  and the fluid temperature  using the non-  
thermal equilibrium model. The tempera ture  profiles 
predicted using the non- thermal  equilibrium model 
were nearly equal to the temperature  predicted using 
the local-thermal equilibrium model. All temperature  
profiles were physically reasonable. 

Fig.7 shows a comparison of the calculated local 
convective heat transfer coefficient on the upper wall 
using the non- thermal  equilibrium model and the 
local- thermal equilibrium model for different solid 
thermal conductivities. The convective heat trans- 
fer coefficient increased as the solid particle ther- 
mal conductivity increased. Differences between the 
non- thermal  equilibrium model and the local-thermal 
equilibrium model disappeared as A~ approached Ae. 
It was found that  when the difference between the 
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Fig.7  Predicted local heat transfer coefficient 
poUo = 160 kg/(mZs); q~ : 105 W/m 2 
@=0.18 ram; h = 1.72 mm 
eoo = 0.21; C~ = 0.6/600 - 1; 
Area [W/CmK)]: 1-200, 2-34,3-1. 

solid and fluid phase thermal conductivities was not 
very large, the local-thermal equilibrium model gave 
satisfactory results for simulating the pressure drop 
and convective heat transfer, but  did not give a correct 
tempera ture  distribution, especially for very high heat 
flux. Therefore, to accurately simulate the convective 
heat transfer process in porous media with large differ- 
ences in thermal  conductivity between solid and fluid 
phases, the non- thermal  equilibrium model needs to 
be improved, which is the objective of our future ex- 
perimental and theoretical research. 

Effec t  o f  S o l i d  P a r t i c l e  D i a m e t e r  

As mentioned earlier, there are some contradictory 
conclusions concerning the dependence of the convec- 
tion heat transfer coefficient on the solid particle di- 
ameter, dp, in the works of Jeigarnik et al. [2], Nasr et 
al.[s], Kwendakwema and Boehm [7], Wang and Du Is], 
David et al.[9], and Jiang et al. [zz'la]. In the following 
section, the influence of dp on pressure drop and con- 
vective heat transfer coefficient is analyzed in detail 
theoretically and numerically. Numerical results are 
presented in Figs.8-15. 

In the parameters  used in the governing equations, 
there are 4 parameters - K, ¢, Ad, a~, that  are direct 
functions of dp. The expressions for K and e show 
that  K and ~ increase near the wall as dp increases, so 
the pressure drop should decrease based on physical 
reasoning. The numerical simulation results, Fig.8, 
assuming either constant porosity or variable porosity 
show that  the pressure drop does indeed decrease as 
dp increases. 

25 

2O 

T 

m 

x 10 

N 5 
/ , 3  

0 . . . .  f . . . .  i . . . .  r , , , , 

0.10 0.15 0.20 0,25 0.30 
dp, mm 

Fig.8 Effect of particle diameter on pressure 
drop per unit length 
h = 1.72 mm, Coo = 0.21, 
C~ = 0 . 6 / e -  1; q~ = 105 W/m2; 
1-6 =constant, pouo = 200 kg/(m2s); 
2-6 =variable, p0u0 = 200 kg/(m2s); 
3-6 =variable, pouo = 30 kg/(m2s). 



50 Jou rna l  of  T h e r m a l  Science, Vol. 5, No. I ,  1996 

X 

10 

8 -  

6. 

4 "  

2-  

0 
O,.lO 

F i g . 9  

10 

8 

v 6 

4 
X 

A d # 0  . . . .  1 d = 0  ' water 

. . . . .  . ~ : : : / :  : . . . . . . . . . . . . . . . . .  

0.15 0.20 0.25 0.30 
dp, mm 

Effect  of  par t ic le  d i ame te r  on average hea t  

t r ans fe r  coefficient (A,,o = 34 W / ( m K ) ) ;  

h = 1.72 ram, e = 0.21, C ,  = 0.6/e.oo - 1 

0 -e  = c o n s t a n t ,  p 0 u 0 =  200 kg / (m~s) ;  
1-~ =var iab le ,  pouo = 200 kg / (mSs) ;  

2 -e  =var iah le ,  p0u0 = 30 kg / (mas ) ;  

q~, = 105 W/mL 

X 

- -  i d # 0  . . . .  h a =0  water  

2 

0 
0.10 

\ 
\ 

>1 

/ / "  / 2 

. . . .  v • , , , i . . . .  v . . . .  

0.15 0.20 0.25 0.30 

dr, ram 

F i g . 1 0  Effect  of  par t ic le  d i ame te r  on average hea t  

t r ans fe r  coefficient (A~,o = 1 W / ( m g ) ) ;  

h = 1.72 m m ,  eo¢ = 0.21, C~ = 0.6/eoo - 1 
qw = 105 W/m2;pouo  [kg/(mSs)]:l-200;2-30. 

10 

8 -  

6 

4 

2 

~ t  d # 0  . . . .  t a=0 water 

" / 1  

, /  

/ 

, /  

0 , , , , p . . . .  i . . . .  i . . . .  

0.10 0.15 0.20 0.25 0.30 

alp, ram 

F i g . l l  Effect  of par t ic le  d iamete r  on average hea t  
t r ans fe r  coefficient ( I , ~  = 200 W / ( m g ) ) ;  

h = 1.72 mm,.$oo = 0.21, C~ = 0.6/eoo - 1 
qw = 105 W/mS;pouo  [kg/(mSs)]: l-200;  2-30. 

× 

1o12141 ,o .... 

8-- o / 
6 ~. 

• / 1< 
4- / ,., 

-=--/.. ...... ............ ....... 

0 . . . .  i . . . .  i . . . .  J . . . .  

0.10 0.15 0.20 0.25 0.30 
dp, mm 

F i g . 1 2  Effect  of  par t ic le  d i a me t e r  on average h e a t  

t r ans fe r  coefficient ( A , ~  = 34 W / ( m K ) ) ;  

h = 2 ram, ~oo = 0.21, Ce = 0.6/e¢¢ - 1 
O - e =c o n s t a n t ;  pouo=200 kg / (m2s )  

1 -e=var i ab le ,  pouo=200 kg / (m2s)  
2 -e=va r i ab l e ,  pouo=30 kg / (mSs)  
q,~ = 105 W / m  s 

I0 
;~d ¢ 0  . . . .  h a = 0  water  

8 

6 

\ 

4 / ?  1 

/ 

: - - - - - y ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 . . . .  i . . . .  i , , , , i . . . .  

0.I0 0.15 0.20 0.25 0.30 

a~,mm 

F i g . 1 3  Effect  of  par t ic le  d i ame te r  on average hea t  

t r ans fe r  coefficient (Area = 1 W / ( m K ) ) ;  

h = 2 ram, coo = 0.21, C~ = 0.6/coo - 1 
q~ = 105 W/m2;pouo  [kg/(mSs)]: l-200;2-30. 

× 

l0 

8 ¸ 

6 

4 

2 

0 
0.1u 

- -  ~'d ~0 . . . . .  2 d =0 water 

0.15 0.20 0.25 0.30 
d~, mm 

F i g . 1 4  Effect  of  par t ic le  d i a me t e r  oa  average hea t  

t r ans fe r  c o e f f i c i e n t  (),,,,~ = 200 W / CmK ) ) ;  
h = 2 rnm~ eoo = 0.21, C~ = 0.6/eoo - 1 
q,~ = 1 0  5 W/m2;pouo  [kg/(m2s)]:1-200;2-30. 



Pei-Xue Jiang et al. Forced Convective Heat Transfer in a Plate Channel Filled with Solid Particles 51 

1400 
x~0 .... ~d=0 air 1200 

1000 , ~  --~-" 

8OO 

600 

400 
.... ~_~. 

2OO 

0,I0 0.I 5 0.20 0.25 0.30 
dp, turn 
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Fig.16 Predicted local heat transfer coefficient for 
different heat fluxes (Area = 34 W/(mK)); 
p0u0 ---- 160 kg/(m2s); 
dp = 0.18 ram; h = 1.72 ram, eoo= 0.21; 
C¢ = 0,6/¢~ - 1 
c/u, [w/m21: 1-103; 2-105; 3-106) 

A simplified theoretical analysis assumes that local- 
thermal equilibrium exists between the solid matrix 
and the fluid. Consideration of the energy equation, 
Eq.(4), suggests that when the additional thermal con- 
ductivity resulting from thermal dispersion, Ad, is not 
considered and the porosity is assumed to be constant, 
the effect of dp on convective heat transfer may be not 
great, as confirmed by the No.0 dotted line in Fig.9. 
Using variable porosity, the porosity near the wall in- 
creases as dp increases which weakens the mixing of 
the fluid by the porous media. Therefore, as shown b y  
No.1 and No.2 dot ted lines in Figs.9-11, the convective 
heat transfer coefficient on the upper wall decreases. 
When considering only thermal dispersion effect, the 
formula for Ad shows that  Ad increases as dp increases 
and the Convective heat transfer should be intensified. 
The circumstance is indeed so for E = const  as shown 

by No.1 solid line in Fig.9. But  for ¢ ¢ const ,  the 
convective heat transfer enhancement due to the in- 
crease of Aa resulting from the increase in dp may not 
be enough to counterbalance the decrease in the con- 
vective heat transfer due to the increase of e near the 
wall as dp increases. The overall effect depends on the 
relative values of Aa and Am. Qualitatively~ when Ad 
is larger than A,~ (when pu is large or As is small), the 
convective heat transfer will increase as dp increases as 
shown by No.1 solid lines in Figs.9-11 and No.2 solid 
lines shown in Fig.10. On the other hand, when A~ 
is much less than Am (when p u  is small or As is very 
large), the convective heat transfer will decrease as dp 
increases, the No.2 solid lines in Fig.9 and Fig . l l .  The  
above analysis can be verified by the following quan- 
t i tative calculation: for ¢o~ ~- 0.21, and Am~ = 200 
W / ( m g ) ,  34 W / ( m K ) ,  l W / ( m K ) ,  then Am -- 14.6 
W / ( m K ) ,  7.0 W / ( m K )  and 0.64 W / ( m g ) ,  respec- 
tively. When pu = 200 kg/m2s and dp--0.1 ram, 0.18 
ram, 0.3 ram, then Ad ---- 7.86 W/ (mK ) ,  14.2 W / ( m K )  
and 23.6 W / ( m K ) ,  respectively, i.e. Aa > Am. There- 
fore, a increases as dp increases as shown by No.1 solid 
fines in Figs.9-11. When pu = 30 kg/m2s and dp=O.1 

ram, 0.18 mm, 0.3 ram, then Aa = 1.18 W / ( m K ) ,  
2.1 W / ( m g )  and 3.5 W / ( m K ) ,  respectively. When 
Au <: Am, a decreases as dp increases as shown by No.2 
solid lines in Fig.9 and Fig . l l .  When Aa >Am,  a in- 
creases as dp increases as shown by No.2 solid line in 
Fig.10. These analytical conclusions can be used to 
qualitatively explain the different results obtained by 
various researchers: in Jeigarnik et al.[ 21, the porous 
matr ix  .material was bronze spheres with water as the 
working fluid and in Nasr et al.[s], the porous matr ix  
materials were aluminum, alumina, glass, and nylon 
with air as the working fluid, i.e. Am >> A/. When 
pu is not very large, A~ is less than Am. Therefore, 
a decreases as dp increases. In Kwendakwema and 
BoehmlE, Wang and Du [s], David et al.[9], and Jiang 
et a1.[12'13]; the solid matr ix  was glass particles with 
water as the working fluid, i.e. Am ~ Af. Ad is then 
much larger than Am and ce increases as dp increases. 

Summarizing the above analysis, t h e  parameter  
Ad/Am may be used to specify the heat transfer 
regime: when Ad/Am > C, c~ increases as dp increases 
and a decreases as dp decreases. C may be of the 
order of 1. The criterion can be writ ten as: 

p0u0dp > 40. C .  - Am/Cp,  (10) 

When the non- thermal  equilibrium assumption be- 
tween solid and fluid phases is used, the same qual- 
itative conclusion is also obtained, tha t  is: as dp in- 
creases, e increases near the wall, a~ decreases and 
the convective heat transfer decreases. However, the 
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increase of d r also enlarges Ad which tends to enhance 
convective heat transfer. The final effect of d r on a 
depends on the relative values of c, As, Af, Ad, c~, pu, 
etc. Figs.12-15 show numerically calculated results 
describing the influence of d r on ~ assuming .non- 
thermal equilibrium. It can be seen from Figs.9-15 
that  for the non- thermal  equilibrium assumption, the 
decrease of a as d r increases under corresponding con- 
ditions is more evident than for the local-thermal 
equilibrium assumption. 

Fig.16 show the influence of variable properties on 
convective heat transfer. When the heat flux, ql~, is 
very high, the temperature  difference between the wall 
and the fluid is large enough to cause significant varia- 
tion of the thermophysical properties which affects the 
convective heat transfer. It can be seen from Fig.16 
that  the convective heat transfer coefficient increases 
as the heat flux increases. 

C O N C L U S I O N  

For horizontal flow in a plate channel filled with 
porous medium, the numerical results and comparison 
with the limited available experimental da ta  suggest 
the following conclusions: 

(1) For the conditions studied, the difference in the 
convective heat transfer predicted using local thermal 
equilibrium assumption versus the non- thermal  equi- 
librium assumption is significant when the difference 
between the solid and fluid thermal conductivities is 
large. The local thermal equilibrium model can not 
give a correct temperature  field, especially when the 
heat flux is very high. 

(2) The relative values of the thermal conductivity 
of the solid particles and the fluid have profound ef- 
fect on the temperature  distribution in the channel, 
especially near the heated wall. 

(3) The pressure drop decreases and the convective 
heat transfer coefficient can decrease or increase as the 
particle diameter increases depending on the values of 

g, As, A f ,  ~d, Otv, pU. 
(4) When the heat flux, ql~, is very high, vari- 

able thermophysical properties influence the convec- 
tive heat transfer. For the conditions studied, the 
higher the heat flux, the larger the convective heat 
transfer coefficient. 
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