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Abstract

Forced convection heat transfer of water and air in plate channels filled with sintered bronze porous media was
simulated numerically using a local thermal non-equilibrium model with consideration of the wall effect caused by heat
conduction in the plate wall and in the unheated section of the sintered porous media. The numerical model was used to
analyze the effects of the assumed boundary conditions, the porosity at the wall and the wall effect caused by the heat
conduction. The results showed that the wall porosity in sintered porous media is less than that in non-sintered packed
beds, which intensifies the convection heat transfer in sintered porous media. The wall effect reduces the heat transfer
coefficient near the front of the heated section and slightly increases the heat transfer coefficient near the end of the
heated section. Numerical simulations of convection heat transfer of air and water in sintered bronze porous media
using the local thermal non-equilibrium model and the variable porosity model with consideration of the wall effect

corresponded well to the experimental data.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluid flow and convection heat transfer in porous
media have been widely investigated experimentally and
numerically for many years due to the many important
applications such as geothermal energy extraction, cat-
alytic and chemical particle beds, petroleum processing,
transpiration cooling, solid matrix or micro-porous heat
exchangers, packed-bed regenerators, heat transfer
enhancement, micro-thrusters, and many others. There
have been numerous investigations with theoretical
analyze and numerical simulations of convection heat
transfer in fluid-saturated porous media. Vafai and Tien
[1] investigated the nature and importance of the
boundary and inertial effects on the flow and heat
transfer in porous media. They showed that for the flow
field, the boundary effects are confined to a very thin
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momentum boundary layer and often have no signifi-
cant effect on the overall flow field. The effect of the
boundary on the heat transfer, however, can be quite
important. The inertial effects increase with higher per-
meability and lower fluid viscosity. The velocity gradi-
ents near the wall are then bound to increase, thereby
increasing the viscous resistance due to the boundary.
Lage [2] described the development of the fundamental
processes for flow through porous media from the Darcy
equation to turbulence, and presented detailed insight
into the effect of turbulence in porous media. The Dar-
cy-Brinkman—Forchheimer model has been widely used
in numerical simulations of forced or mixed convection
heat transfer in saturated porous media. Results have
shown that the transverse thermal dispersion plays a
very important role in the convection heat transfer in
porous media, while the axial thermal dispersion has
little effect [3,4]. The additional thermal conductivity
resulting from the thermal dispersion can be expressed
as an linear function of Reynolds number in fluid flows
with high Reynolds numbers [3], but the constant in the
thermal dispersion model is not unique in different
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Nomenclature

Cpf fluid specific heat, J/(kgK)

d, particle diameter, m

F inertia coefficient

G mass flow rate, kg/s

h plate channel height, m

he fluid enthalpy, J/kg

hy local heat transfer coefficient, W/(m? K)

hg heat transfer coefficient between solid par-
ticles and fluid in porous media, W/(m? K)

hy volumetric heat transfer coefficient between
solid particles and fluid in porous media W/
(m*K)

K porous medium permeability, m?

lin inlet section length, m

Ih heated section length, m

Lout outlet section length, m

Nug Nusselt number for convection heat transfer

between the solid particles and the fluid in
porous media

P local pressure, Pa

Pr Prandtl number

Re Reynolds number

Tr fluid temperature, K

T, solid phase temperature, K

u inlet fluid velocity, m/s

up pore velocity in the x direction, m/s

p pore velocity in the y direction, m/s

U, absolute pore velocity (U, = (u) + vf,)l/ ),
m/s

X, y coordinates, m

Greek symbols

A thermal conductivity, W/(m K)
0o inlet fluid density, kg/m3

¢ fluid density, kg/m?

He effective absolute viscosity (=), N s/m>
R absolute viscosity, N s/m?

e porosity

&m mean porosity

oo porosity at channel center
Subscripts

b bulk mean temperature

d dispersion

f fluid

m mean or effective

p pore or particle

] solid

w wall

references [3,5-7]. A modified model for the additional
thermal conductivity resulting from the transverse
thermal dispersion was presented by Jiang et al. [8]. A
further modification of the transverse thermal dispersion
model was then developed [9] with a unified expression
for the constant in the thermal dispersion model.

The theoretical and numerical investigations of con-
vection heat transfer in porous media have used two
different models for the energy equation: the local
thermal equilibrium model and the local thermal non-
equilibrium model. Lage [10] examined the issue of
boundary conditions and thermal equilibrium on a fully
saturated porous medium for steady conduction
through a porous layer. When a uniform heat flux
condition was imposed at both boundaries of the layer,
the phases were in thermal equilibrium only if 2, = ;. If
the boundary temperatures of the phases are equal, the
entire saturated porous medium will be in thermal
equilibrium. Although for most practical situations
thermal equilibrium will prevail in most of the layer, the
thermal non-equilibrium at the heated boundary can
drastically affect the measurement of the effective ther-
mal conductivity of the medium. In recent years the
local thermal non-equilibrium model has been used
more frequently in the energy equation in theoretical
and numerical research on convection heat transfer in

the porous media [8,9,11-20] to more accurately model
the convection heat transfer processes in porous media.
With the thermal non-equilibrium model, the treatment
of the boundary conditions for the energy equation
significantly affects the numerical simulation results. A
number of papers have analyzed this problem, e.g. Amiri
et al. [12], Jiang et al. [9,18,19], Quintard [13], Peterson
and Chang [14], Martin et al. [15], Lee and Vafai [16],
and Alazmi and Vafai [20]. For the constant heat flux
boundary condition there are several different methods
to treat the energy equation boundary conditions. The
main difference among them is whether the fluid tem-
perature is equal to the solid phase temperature at the
boundary surface. Jiang et al. [18,19] investigated the
various treatments of the constant heat flux boundary
conditions by comparing the numerical results with
experimental data for water and air in porous media.
They concluded that the convection heat transfer of
water and air in non-sintered porous media can be best
predicted numerically using the thermal non-equilibrium
model with the ideal constant wall heat flux boundary
condition which assumes that the heat fluxes into the
liquid and into the porous matrix are the same. Alazmi
and Vafai [20] analyzed eight different forms of constant
wall heat flux boundary conditions in the absence of
local thermal equilibrium conditions in porous media.



P.-X. Jiang et al. | International Journal of Heat and Mass Transfer 47 (2004) 2073-2083 2075

They found that the different boundary conditions may
lead to substantially different results. At the same time,
they pointed out that no single model is correct in all
situations since previous studies validated each of the
two primary models. In addition, the mechanics of
splitting the heat flux between the two phases is not yet
resolved.

Jiang [21] numerically analyzed the heat transfer
boundary characteristics on the surface between a thin
plate and a solid particle in contact with the plate with
convection heat transfer due to water or air and a con-
stant heat flux on the outer plate wall. The analysis
studied the influence of the thermal contact resistance
between the plate wall and the solid particle and the wall
thickness on the surface thermal characteristics. The
results showed that when the thermal conductivities of
the fluid and the solid particle were similar, the tem-
perature and heat flux distributions on the contact sur-
face between the thin plate and the particle and on the
convection heat transfer surface of the thin plate near
the particle were quite uniform, which means that local
thermal equilibrium exists for such conditions. If the
thermal contact resistance on the wall surface between
the solid particles and the plate wall is considered, the
solid particle temperature on the contact surface and the
fluid temperature on the convection heat transfer surface
of the thin plate near the particle are significantly dif-
ferent, while the heat fluxes transferred through the solid
particles and the fluid adjacent to the surface are similar.
If the thermal contact resistance on the wall surface
between the solid particles and the wall is not considered
and the plate is relatively thick (e.g. 1-2 mm), the heat
fluxes through the solid particles and the fluid near the
wall are significantly different, while the temperatures of
the solid particles and the fluid near the wall are fairly
close, that is Ty, =~ Ty,. The analytical results in Jiang
[21] were then used to further investigate the forced
convection heat transfer in plate channels filled with
non-sintered metallic or non-metallic particles (packed

1."::

beds) or sintered porous media using a non-thermal
equilibrium model [9]. The numerical results were com-
pared with experimental data from Jiang et al. [19,22]
and Hwang and Chao [23] to analyze the effects of the
assumed boundary conditions for the different convec-
tion heat transfer processes in non-sintered porous
media and in sintered porous media. The results showed
that the numerical simulation of the convection heat
transfer of air and water in non-sintered packed beds
using a local thermal non-equilibrium model with the
assumption that the heat fluxes transferred by the solid
phase and the fluid on the heat transfer surface were the
same with a variable porosity model agreed well with the
experimental data. In addition, the convection heat
transfer coefficient in sintered porous media is much
higher than that in packed beds. Jiang et al. [9] also
showed that for numerical simulation of convection heat
transfer in sintered porous media, the boundary condi-
tions on the wall should be that the particle tempera-
tures are equal to the fluid temperatures.

The present paper numerically investigates the forced
convection heat transfer of water and air in plate
channels filled with sintered bronze particles using a
non-thermal equilibrium model with an improved en-
ergy equation for the solid phase and an improved wall
porosity model with consideration of the wall effect
caused by the heat conduction in the plate wall and in
the unheated section of the sintered porous media. The
simulation results are compared with new experimental
results [24] to analyze the effects of the assumed
boundary conditions, the porosity at the wall and the
wall effect caused by the heat conduction.

2. Physical model, governing equations and numerical
method

Fig. 1 shows the physical model used in the present
numerical simulation, which is similar to the test section

heat flux
q,,=const

Iy

lo!ﬂ

Fluid
u

Fig. 1. Physical model and coordinate system.

thermal insulation

HiH
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in the experimental research [24]. The analysis assumes
that the porous media is homogeneous and isotropic.
The upper plate of the channel receives a constant heat
flux, g, while the lower plate is adiabatic. Two adiabatic
sections are placed before and after the heated section.
Fluid flow enters the channel with a uniform velocity, u,
and constant temperature, Tp. The fluid flow is single-
phase and two-dimensional, steady, and non-Darcian
flow. The analysis assumes that the test section width,
W, is much larger than the height, / (in the experimental
research [24] 2~ = 10 mm and W = 120 mm), so that all
conditions are uniform across the width and the prob-
lem can be analyzed as a two-dimensional problem.
Longitudinal conduction in the fluid and the pressure
variation in the y direction are assumed to be negligible,
but longitudinal conduction in the solid phase is in-
cluded.

The steady-state, two-dimensional governing equa-
tions for single-phase convection heat transfer in an
isotropic, homogeneous porous medium based on the
Brinkman-Darcy-Forchheimer model with consider-
ation of variable properties, variable porosity, thermal
dispersion, viscous dissipation, and local thermal non-
equilibrium, but neglecting the longitudinal thermal
conduction in the fluid, can be written in the following
form [8,18]:

O(preuy) | Aprety)
= 1
Ox + Oy 0 (M)
O(preupty) N O(prevpuy)
Ox oy
__ O(epp) & & peF a Ouy
= Kk W \/*|U\ o\,
(2)
h
/0 preuy dy = pouoh 3)

Cpf ay

A preuphy) N d(prevphe) 0 [ (eAr + Aa) Ohg N ﬂuz
Ox dy dy K

& pF
D \Uy a2 + (T, — T7)

VK
@)
R e P RN R
(5)

The parameters used in Egs. (1)-(5) were taken from
Hunt and Tien [25], Hsu and Cheng [3], Amiri and Vafai
[11], Cheng and Hsu [26], Achenbach [27] and Kar and
Dybbs [28]:

K =d%*/(150(1 — ¢)*);

F=1.75/(V1506*);

’%:[um}

2V/1—¢| (1-0)B w( L) B+l B-1]
1-0B |(1-0B) n(&)_T_l—o’B’
B=125((1—2)/e)""; o=12/4 (6)

Nug = hyd, /2 = [(1.18Re*®)* + (0.23Re)75)*/*
hy = hy - 6(1 —&)/dy;  Re = epupd,/pt (7)
Reh = Re/(l — F)

hy = 0.0040( ¢ /d,) P33 Re' > Reyq < 100
hyg = 0.0156(7¢/dy)Pri3 B Re'™  Rey > 100
hy = ahg; a=20.346 x (1 — &)&*/d,

Re = epupd, [u; d, =4¢/a

(8)

Thermal dispersion is a very important characteristic
of flow in porous media and is one of the main reasons
for the enhanced heat transfer. The additional thermal
conductivity resulting from the thermal dispersion in
porous media can be expressed as [3]:

Ja = Clpey); - doy f12 + 12(1 — o) 9)

The constant C in Eq. (9) is an important parameter
which strongly affects the numerical simulation accu-
racy. For non-sintered porous media a modified model
for the constant C was developed by comparing the
numerical simulation results with experimental data for
water in a glass particle packed bed [8]. The analysis
assumes that the modifications developed by Jiang et al.
[9] for the model for C can also be used for sintered
porous media:

C = 1.60[Re, - Pry - (1 — &,)] " (10)

The present model uses Egs. (9) and (10) to calculate the
additional thermal conductivity resulting from the
thermal dispersion in sintered porous media.

The boundary conditions and the calculation method
for the porosity in the sintered porous structure will be
described in Section 3.

Energy will be transported along the axial direction
in the solid phase and in the plate wall. Analysis of the
wall temperature and the energy balance in the experi-
mental and numerical studies showed that energy loss
occurs along the wall near the test section inlet and
outlet, which is referred to as the wall effect, Fig. 2.
Numerical simulations without consideration of the wall
effect differ significantly from the experimental data near
the inlet and outlet. Therefore, unheated sections
(lin = lowe = 5 mm) were added to the test section inlet
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heated zone

non-heated zone

Fig. 2. Heat conduction wall effect.

and outlet in the numerical simulation to model the wall
effect.

The numerical method was similar to that used by
Jiang et al. [8] except that the thermophysical properties
were assumed to vary with pressure as well as with
temperature and the calculational region including the
unheated inlet and outlet section as well as the heated
section. The property values were calculated from tab-
ular values using second-order interpolation relative to
both the temperature and pressure. The variation of the
fluid thermophysical properties with pressure was based
on the calculated pressure drop along the channel rela-
tive to the known outlet pressure (usually close to 1
atm). The algorithm assumed an inlet pressure and then
calculated the pressure drop for the entire channel
length. The inlet pressure was then set equal to the outlet
pressure plus the pressure drop in the test section. The
procedure was then repeated until all of the convergence
criteria were satisfied. The convergence criteria used in
the present study were: the relative errors of the longi-
tudinal velocity u,, the fluid enthalpy A; and the solid
phase temperature T, were less than 107%; the relative
errors of the longitudinal pressure gradients Op/0x were
less than 5x107%; the relative errors of the velocity v,
were less than 1072 due to its small values compared
with the longitudinal velocity u,. In the numerical
analysis, the convection heat transfer in the inlet section,
the heated section and the outlet section were calculated
assuming that the heat fluxes on the inlet and the outlet
section surfaces were zero or varied as a function of x as
shown in Section 3.3. Analysis of the grid independence
showed that for an adequate distribution of grid points,
the numerical results did not depend on the number of
grid points (e.g., 240 x 52, 240 x 102, 240x 202, 140x 102
and 340x102). Therefore, a non-uniform grid was em-
ployed with 102 grid points normal to the wall and 200
grid points along the heated section, 20 grid points along
the inlet section and 20 grid points along the outlet
section in the axial direction.

The local heat transfer coefficient on the upper wall
surface was evaluated as

_ qw
" T - Tl o

3. Boundary conditions, porosity model and numerical
simulation of the wall effect

For single-phase convection heat transfer in an iso-
tropic and homogeneous non-sintered porous medium
(packed bed), the numerical results using the steady-
state, two-dimensional governing equations based on the
Brinkman-Darcy-Forchheimer model with consider-
ation of variable properties, variable porosity, thermal
dispersion, viscous dissipation, and local thermal non-
equilibrium corresponded well to experimental data
[8,9,18,19]. The effective thermal conductivity of the
sintered porous media was larger than that in non-sin-
tered porous media using the same materials [24] and the
porosity distributions in the sintered and non-sintered
porous media were also different. Therefore, the variable
porosity model and the boundary conditions were
modified for the numerical simulation of convection
heat transfer in sintered porous media.

3.1. Boundary conditions

As shown by Jiang [21], the thermal contact resis-
tance on the wall surface between the solid particles and
the plate wall in non-sintered porous media would result
in the solid particle temperature on the contact surface
being significantly different from the fluid temperature at
the convection heat transfer surface of the thin plate
near the particle, while the heat fluxes transferred
through the solid particles and the fluid adjacent to the
surface were similar. The boundary conditions for the
numerical simulations of convection heat transfer in
non-sintered porous medium (packed bed) were dis-
cussed earlier [8,9,18,19].

Jiang [21] showed that if the thermal contact resis-
tance on the wall surface between the solid particles and
the wall is negligible as would occur in sintered porous
media and the wall is relatively thick (e.g. 1-2 mm), the
heat fluxes through the solid particles and the fluid near
the wall are significantly different, while the tempera-
tures of the solid particles and the fluid near the wall are
fairly close, that is Ty, =~ Ty. Therefore, the following
boundary conditions were used for the analysis of the
heat transfer in sintered porous media:

x=0and 0<y<h u=uy, v=0,

0T,
=T, E_g
f 0, ox
o,
x:Zi11+lh+lou[andO<y<h; a:0

y=0and 0 <x < [iy + I + loue:

oT;
=T, Gu=rmar
dy

u, = v, =0,

y=hand 0 <x < liy + Iy + lowe:
oT;

=1 5, =0 (12)
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3.2. Porosity model

Observation of a cross section of the sintered bronze
porous plate channel showed that the sintering process
fused the particles to each other and to the plate wall
and deformed the particles. The fusion between the
particles with the plate wall reduced the porosity near
the wall relative to the non-sintered porous media where
&y 1s close to 1. The porosity in the sintered porous
channel was measured from several two-dimensional
slices of the sintered porous plate channel as shown in
Fig. 3 to determine the average porosity distribution at
each height shown in Fig. 4.

The data in Fig. 4 show that the porosity at the wall
in the sintered porous plate channel, ¢,, was about 0.8.
The variable porosity model used in the present paper
was therefore [8]:

s:sw[1+ae’6”/dpj, 0<y<h/2
£ =]l +ae b h2<y<h

(13)

Here, a = 2 — 1 and &, is defined as &, =4 f(f/z edy. In
the numerical calculations, ¢, was determined iteratively

using &, and ép,.

31
X
e

Fig. 3. Two-dimensional slice of the sintered porous plate
channel (d, = 1.0-1.4 mm).

0.8 T T T T

07} E
06 F .
UQ 0-5 - r N

04F ‘af Y

0.2 1 1 1 1
0 20 40 60 80 100

y/d x102

Fig. 4. Average porosity distribution in the sintered porous
channel (d, = 1.0-1.4 mm).

The numerical results for &, = 0.5, &, =0.8 and
ew = 0.99 are compared with the experimental data in
the sintered porous plate channel in Fig. 5. For the
porosity at the wall of 0.8, the numerical results agree
well with the experimental data, but for porosities at the
wall of 0.5 or 0.99, the numerical results differ greatly
from the experimental data. Therefore, the measured
porosity at the wall of 0.8 produced the best agreement
between the numerical and experimental results.

The porosity at the wall and the thermal contact
resistance are important factors affecting the heat
transfer from the wall surface into the solid phase in the
porous media. If the porosity at the wall is less than the
usual porosity near the wall for non-sintered porous
media which is close to unity and if there is no thermal
contact resistance between the particles and the wall, the
heat transport from the wall into the porous media is
more intense which enhances the overall heat transfer
coefficient on the plate wall. The influence of the
porosity at the wall and the thermal contact resistance
on the overall convection heat transfer is more evident

10% = : : : :

experimental data:
1,1,1", 0:Re =167 q,71.981 x 10*W/m’ tm=17.5°C
2,2,2", 0:Re =474 q,=3.399x 10°W/m" t=16.7°C

_‘A 105 [ Numerical Simulation

N —¢,=08

NE £,=0.99

N

0 2 4 6 8 10

(a) x/D,
10° = : : : :
Experimental data: q
1,1,1" 9: Re~1546 q,=2.348x 10°W/m* ¢ =19.6°C |]
4[| 22,2 0: Re2788 q,5.044x10°W/m* ~19.6°C ||
10" ¢ Numerical Simulation |

10

Fig. 5. Comparison of numerical results with experimental data
in the sintered porous plate channel for different porosities at
the wall for (a) water and (b) air (d, = 0.5-0.71 mm).
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for fluids with low thermal conductivities. Therefore, the
convection heat transfer with air in sintered porous
media is much more intense than in non-sintered porous
media, but the difference between the convection heat
transfer with water in sintered porous media and in non-
sintered porous media is not very large [24].

3.3. Wall effect

In the numerical simulation, a variable heat flux,
gw = 0.2g,0e"*n, was added to the inlet section to model
the actual heat flux in the experimental test section with
the corresponding heat flux subtracted from the heated
section along the same length as in the inlet section. The
same procedure was used for the outlet section. The
function ¢y = 0.2g.0e""» approximates the actual heat
flux distribution. The local heat transfer coefficient cal-
culation using Eq. (11) still used the constant heat flux
assumption to coordinate with the experimental data
reduction. The numerical results in Fig. 6 show that the
model with the wall effect more closely represents the
experimental data.

15000 —— T T . T
s Numerical Simulation
— Withinlet and outlet
- -+ Without inlet and outlet
Q L Experimental data:
‘e 10000 oi\ * O Re,~167  q,=1.981X 10'Wim?  t,=17.5°C |
‘g W\ 0 Re,=474 q,=3.399 X 10°'W/im*  t =16.7°C
=y
<
5000 1
0 1 1 1 1 1
0 2 4 6 8 10
(a) ¥D,
1500 T T T T T T T T T
: Numerical Simulation
— With inlet and outlet
- - - Without inlet and outlet
Q 1000 Experimental data: g
NE O Re,=1546  q,=2.348X 10°WM*  t=19.6°C
~ O Re,=2788 qw=5.044 X 10°W/m? ,=19.6°C
) .
< o 8
500 O 4
o 1 1 1 1
0 2 4 6 8 10
(b) D,

Fig. 6. Edge effect in the sintered porous plate channel for (a)
water and (b) air (d, = 0.5-0.71 mm).

In the experiments the fluid was heated in the inlet
section before entering the heated section due to axial
heat conduction in the upper plate wall and in the sin-
tered porous media; therefore, a thermal boundary
formed along the porous plate channel before entering
the heated section. The convection heat transfer coeffi-
cient in the developing thermal boundary layer de-
creased sharply; therefore, the experimental results for
the convection heat transfer coefficient near the heated
section inlet were less than the predicted results. At the
heated section outlet, the wall temperature decreased
due to axial heat conduction to the outlet section. The
data reduction assumed a constant heat flux to calculate
the heat transfer coefficient along all of the heated sec-
tion; therefore, the experimental heat transfer coefficient
gradually increased near the heated section outlet. The
numerical simulation in the present paper with consid-
eration of the wall effect followed this tendency. How-
ever, this method for analyzing the wall effect is still an
approximation. A more accurate method would be to
calculate the combined convection heat transfer in the
porous plate channel and the thermal conduction in the
plate wall. The wall effect must be included since it
strongly influences the heat transfer in the experiments
and in the numerical calculations.

4. Numerical simulation results and discussion

Convection heat transfer in sintered bronze porous
media was simulated numerically for flow in a test sec-
tion in [24] which was 188 mm long by 120 mm wide by
10 mm high. The boundary conditions given in Eq. (12)
and the variable porosity model in Eq. (13) were used in
the numerical model which also included the wall effect
in the inlet and outlet sections. The particle diameters in
the tests were 0.5-0.71, 1.2-1.4 and 1.4-2.0 mm. The
thermal conductivity of the bronze particle material was
assumed to be 54 W/(m K).

Figs. 7 and 8 present the numerical results for the
local heat transfer coefficient for water and air in the
sintered bronze porous channel with the corresponding
experimental data. The numerical results in the present
paper with consideration of the wall effect are quite close
to the experimental data. The results in Figs. 7 and 8
show some differences between the convection heat
transfer coefficient from the numerical and experimental
results especially for large values of x. One reason is that
the method for analyzing the wall effect in the present
study is still an approximation. A more accurate method
will be used in further research. The second reason may
be that some of the parametric models used in the
present study such as the effective thermal conductivity
(Eq. (6)), the convection heat transfer coefficient be-
tween the particles and the fluid (Egs. (7) and (8)), the
additional thermal conductivity resulting from the
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15000 — T T T T T T T T
O Rep=167  g,=1.981x 10*W/m? t717.5C
A © Re,=474 g, =3.399 x 10*W/m? 1=16.7°C
— 2 Re =716 g =4.649 x 10*W/m? t =16.6'C
X' 10000 [ o o g
[ — Numerical simulation
£
<
5000 - b
0 1 1 1 1 1
0 2 4 6 8 10
(a) x/De
20000 — T T T T T T T T
0 Re,~110 q,=1.247x 10'W/m*  £=16.0'C
O Re,=492 q,=3.506x10'W/m*  t=151C
< 15000 [ A Re,=955 q,=5.309 x 10'W/m®  £=16.0C E
' — Numerical Simulation
o
E
=< 10000 | E
=
< A
5000 | b
0 oo = o
O 1 1 1 1 1
0 2 4 6 8 10
(b) x/D,

Fig. 7. Numerical results and experimental data for the local
heat transfer coefficient for water in the sintered bronze porous
channel: (a) d, = 0.5-0.71 mm; (b) d, = 1.0-1.4 mm.

thermal dispersion (Eq. (9) and (10)), the boundary
condition model, and even the porous medium perme-
ability, K, and the inertial coefficient, F, need to be
improved.

Figs. 9 and 10 present the distributions of the solid
phase temperature and the fluid temperature for con-
vection heat transfer of water and air in sintered porous
media. Except for the boundary surfaces and regions
close to the insulated bottom where the solid phase and
fluid temperatures are the same, the solid phase tem-
perature is always higher than the fluid temperature.
Therefore, heat is always transferred from the solid
particles to the fluid, so the solid particles act as fins and
at the same time intensify the fluid mixing which also
enhances the convection heat transfer.

It is quite interesting to compare the temperature
distributions in the sintered porous media shown here
and in the non-sintered porous media shown in Jiang [8].
For non-sintered metallic porous structures where
As > J¢, the predictions made using the local thermal
non-equilibrium model [8] showed that the solid phase
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Fig. 8. Numerical results and experimental data for the local
heat transfer coefficient for air in the sintered bronze porous
channel: (a) d, = 0.5-0.71 mm; (b) d, = 1.0-1.4 mm.

temperature near the upper wall was much lower than
the fluid temperature, while in most other parts of the
porous channel the solid phase temperature was higher
than the fluid temperature. Therefore, in non-sintered
porous media, the thermal contact resistance between
the particles and the wall caused the solid particle tem-
perature near the upper boundary to be lower than the
surrounding fluid temperature, i.e., part of the heat was
transferred first to the fluid and then from the fluid to
the solid particles near the upper wall. In the middle of
the porous media channel, heat was transferred from the
solid phase to the fluid. Obviously, the role of the heat
conduction or the fin effect of the solid particles in non-
sintered porous plate channels is not as effective as in
sintered porous media. This is an important reason for
the lower heat transfer coefficients in non-sintered por-
ous channel than in sintered porous media.

As mentioned earlier, the porosity at the wall and the
thermal contact resistance between particles and be-
tween the particles and the wall are important factors
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Fig. 9. Numerical simulation of the temperature field for con-
vection heat transfer of water in sintered porous media: (a) solid
phase temperature field; (b) fluid temperature field; (c) solid
phase and fluid temperature distributions (d, = 0.5-0.71 mm,
Rep = 167, ¢y, = 1.981 x 10* W/m?, ty = 17.5 °C).

affecting the convection heat transfer in the porous plate
channel. For sintered metallic porous media, the
porosity at the wall and the thermal contact resistance
are less than that in non-sintered porous media; there-
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Fig. 10. Numerical simulation of the temperature field for
convection heat transfer of air in sintered porous media: (a)
solid phase temperature field; (b) fluid temperature field; (c)
solid phase and fluid temperature distributions (d, = 0.5-0.71
mm, Rep = 2840, ¢, = 6.808 x 10° W/m?, # = 20.8 °C).

fore, the heat transport from the wall to the middle of
the porous layer is greater which will enhance the overall
heat transfer coefficient on the plate wall. The heat
transfer with air is obviously less than with water;
therefore, the influence of the porosity at the wall and
the thermal contact resistance on the overall convection
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heat transfer is more evident for air. Experimental re-
search [24] has also showed that the convection heat
transfer of air in sintered porous media is much more
intensive than in non-sintered porous media.

5. Conclusions

(1) For convection heat transfer in sintered porous
media, the thermal boundary conditions on the
heated wall surface should be that the particle tem-
peratures are equal to the fluid temperatures due
to the reduced thermal resistance and the increased
mixing resulting from the sintering process.

(2) The wall porosity in sintered porous media is less
than that in non-sintered porous media, which in-
creases the convection heat transfer in sintered por-
ous media.

(3) The wall effect reduces the heat transfer coefficient
near the front of the heated section and slightly in-
creases the heat transfer coefficient near the heated
section outlet.

(4) Numerical simulations of convection heat transfer of
air and water in sintered bronze porous media using
the local thermal non-equilibrium model and the
variable porosity model with consideration of the
wall effect at the inlet and outlet corresponded well
with the experimental data.
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