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Abstract—The forced convective heat transfer near a wall or a plate immersed in a packed bed at high
temperature is considered in this paper. The non-Darcian effects are considered for the hydrodynamics
and heat transfer and dependent scattering theory are taken into account for the radiation transfer. The
discrete-ordinate method is used to solve the equation for radiation intensity. It is found from the numerical
predictions that radiative heat transfer rate increases with a decrease of the convection-radiation parameter
(Bo) or conduction-radiation parameter (N) and an increase of the Reynolds number. The effect of
radiation on conduction—convection is determined by the sign of the net radiation absorbed by the particles.
The radiation properties of the plate and the bed, as well as the direction of heat flux, have obvious
influence on heat transfer in packed beds at high temperature.

INTRODUCTION

IN RECENT years much attention has been paid to
the non-Darcian phenomena in the case of boundary
layer flow and heat transfer in porous media because
of its importance in various applications, such as
entrance regions in large tube reactors, external flows
along buried pipes in packed beds, or flows adjacent
to a single impermeable surface. For the cases of
forced convection considered in this paper, Chan-
drasekhara and Vortmeyer [1] proposed a flow model
for velocity distribution in a fixed porous bed under
isothermal conditions, which considered the effects of
boundary friction, inertial force and the variation of
porosity along the radial direction. Vafai and Tien
[2, 3] analyzed theoretically and experimentally the
boundary and inertial effects on convective flow and
heat and mass transfer for constant porosity media.
An in-depth investigation of the channelling effect
and its influence on heat transfer and flow through
variable-porosity media was conducted by Vafai [4].
The effect of inter-pore mixing or dispersion on the
forced heat transfer was studied by Plumb [5],
Whitaker [6] and Cheng and Vortmeyer {7]. The
complete influence of these non-Darcian effects to
the forced convection near flat plates, in circular and
in square columns is summarized by Tien and Hunt
[8], Hunt and Tien [9], Tsotsas and Schlunder [10]
and Chou et al. [11].

Unfortunately only few research works have been
conducted on the problems of combined convection
and radiation in packed beds [12], especially in the
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case of forced convection. Harris and Lenz [13] made
an experimental study to measure the heat transfer
through a packed bed contained between two hori-
zontal concentric tubes with particle Reynolds num-
bers from zero to 90 and ratio of tube wall tem-
peratures T,,/T,, from 1.5 to 3.2. The theoretical
works previously published deal with natural con-
vection in porous media contained in vertical cavities
[14] and one dimensional forced fluid flow through a
porous medium [15]. A theoretical model on com-
bined transient conductive, convective and radiative
heat transfer between vertical walls and fluidized beds
was proposed recently by Flamant ez al. [16]. So it
seems necessary to make a detailed investigation for
the combined convection and radiation in packed
beds, since in some applications, such as fixed-bed
catalytic reactors, packed-bed heat exchangers and
metal processing, the radiation could be important
when the operating temperature is high. The objective
of this study is to present a theoretical analysis for the
combined forced convection and radiation in packed
beds along a flat plate. The interaction between
different heat transfer modes is considered when the
non-Darcian effects are included. The qualitative
effects of controlling parameters on both convective
and radiative components are also checked.

MATHEMATICAL DESCRIPTION

The heat exchanging element considered here is a
flat plate with the length L and a constant temperature
T, (asshown in Fig. 1). The temperature of the packed
bed far from the plate remains constant at Ty. For the
mathematical analysis of the problem, the following
assumptions are made.
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NOMENCLATURE
a absorption coefficient [m '] Greek symbols
B constant in equation (9) o thermal diffusion coefficient [m*s~']
Bo Boltzmann number, (pC,)u,./o T} p parameter in equation (5)
C inertia coefficient [m™'] ¥ coefficient of dispersive conductivity
¢ average interparticle distance [m] 0 porosity
C,  specific thermal capacity [Tkg™' K] & emissivity
D, D* constant in equation (8) 0 non-dimensional temperature, 7/T,
d, particle diameter [m] K extinction coefficient, a+ o,
Da  Darcy number based on particle A wavelength of radiation
diameter, K, /d; u cos 0
I nondimensional radiation intensity, Uy dynamic viscosity [kgm~'s™']
ileTy vy kinetic viscosity [m*s~']
i radiation intensity [Wm 2sr™'] p density [kgm™?]
K permeability [m?] o Stefan—Boltzmann constant
k conductivity [Wm ™K '] [Wm 2K~
N Planck number, K: /46 T} o, scattering coefficient {m ']
Nu  Nusselt number based on particle g optical thickness of one particle bed
diameter, hd, /k;, depth, xd,
Nu, local Nusselt number, /x/k;, w scattering albedo, o,/k.
P scattering phase function
Pe Peclet number based on particle
diameter, u . d,/a, Superscripts
Pe. local Peclet number, u,.x/a, d dispersion
p pressure [Pa] s stagnant parameter.
q heat flux density [Wm 7]
Re Reynolds number based on particle
diameter, ud, /v Subscripts
Re,  modified Reynolds number, K,,C_ u, /v; B bulk of packed medium
T temperature [K] c convection
u velocity [ms™'] e effective parameter
w weight of Gaussian quadrature f fluid phase
X nondimensional longitudinal coordinate, h higher value
x/d, p particle phase
x longitudinal coordinate [m] r radiation
Y nondimensional transverse coordinate, w heat transfer wall
v/d, 0 parameter far from the heat transfer plate
y transverse coordinate [m]. (bulk of the bed).

T (i) The bed consists of large (geometric range)
opaque spheres and the particle surfaces and heat
transfer plates are gray ones, so the radiation prop-
erties do not change with wavelengths.

(ii) The fluid flowing through the bed is considered
to be transparent to radiation.
(iii) The porosity changes only in the transverse
L direction y.
General equations
Under previous assumptions, the boundary layer
€y equations describing the combined convective and
T, radiative heat transfer in packed beds may be written
as:
v Momentum equation,

<Vy> ——ld L—TB Y
y

FiG. 1. Coordinates and boundary conditions.
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where {u) is the volume-average velocity parallel to
the wall (X direction).

Energy equation,
oHT é KT 2
{(pCo} <> “%;2 = 5}; (ke “%);}“) - 5} {g.>. (%)

Equation for radiative flux,
bij
7y (8> = 4a0{T)" ~a j' Gl do. (3
47

Transfer equation for azimuthally symmetric radi-
ation in one-dimension case,

WEEB (ot acite, >+ Lao<T*

4»%’-’" L (il Yy P(p, py di’ (4)

where g is the directional cosine with respect o coor-
dinate ¥ {g=cos®) and P is the scattering phase
function.

These equations are in the volume average form
{notation { ») obtained from averaging the micro-
scopic conservation ¢quations over a representative
volume including both the fluid and the solid phase
{17

The volume-average quantity of W associated with
one phase / is defined as:

1 v, 1 '
o=t [ mar=Sl [ wov=pawy @

with f=8ifi=gand f=1-Fili=pwhere §is
the local porosity.

These equations are combined with empirical re-
Jations for the permeability, inertial coefficient, equiv-
alent molecular and dispersion diffusivity [8, 18, 19}
Here it is assumed that the local thermal equilibriom
exists between the solid phase and the fluid phase,
which means that the local temperature difference
between the phases (1,— Ty) is small or the local tern-
perature gradients VT, and VT are almost equal {8].
The validity of this assumption is checked to be true
for the present cases with the heterogeneous energy
gquations,

The parameters

The term {p> in equation (1) is the intrinsic fluid
phase average pressure since the pressure read on &
pressure gauge actually represents the average
pressure inside the fluid phase {2}, X and C are
the permeability and inertia coefficients, which, for
the packed bed of spheres are {20]:

d26°
K= 150(2—5)2 ®)
1.75(1—8)
i 0

The porosity, &, is assumed to vary exponentially with
the distance from the plate [1]:

8= 8,1+ Dexp (-~ D*y/d)]. &

8. in above equations is the bed porosity far from
the wall, the constants D and D* are experimental
parameters and taken as D*= —6 and D=
{(1-6,)/4, 91

The effective conductivity &, in eguation (2)
includes the stagnant thermal conductivity &} and the
dispersion effect &2, the former is calculated with the
formulae of Zehner and Schlunder {21],

K 2
ALY PO T S C NI ) L N -
PR Gl M A T TN

(-B)JR, R B+i B—I
x [(T:B/Rk)zk‘}?_ 27 lw—B]Rk] ©)

where R, is the ratio of the thermal conductivities
of the particle and the fluid phase, and B =
1.25[{(1 —8)/81" for a packed bed of spheres,

The dispersion conductivity &% is calculated from
the empirical formula given by Hunt and Tien [9],

k= y(pCp)sud,! (10

where y = 0.1 and { = y/d, when y £ d, and /= 1.0
when y > 4.

The scattering phase function in equation 4) i
related to single~particle scattering {unction,

Py =1 [ P00t =0 manas

where

cosf e g +(1—p*Y P cos (12

and

POy == fgg(sin g-Geos Y. {13)

Numerical formulation of the radiation problem

The discrete-ordinate method is used to approxi-
mate the governing differential-integral equations
into differential forms. It is based on the division
of the azimuthally symmetric radiation flux into N
discrete conical streams, Ix,u,), i = 1-N [22}. So
etjuations (3) and (4) are replaced by a discrete set of
equations for a finite number of ordinate directions,

ddilx, 1)>
Py =

SRR @k g+ ST

N
+% 3 wilx, g )P ) (14)
=1

N
> = 4aoTy =210 3, s s (19

The divisions u, correspond to the zeros of the
Legendre polynomials Ly{x) and the weights w, are
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given by

l 1
T L)
In order to solve the above equations, the radiative
properties of the particulate must be defined as a
function of the absorption and the diffusion charac-
teristics of the individual particles. For low porosity
systems like packed or fluidized beds, whether the
scattering is dependent or independent is an up-to-
date scientific subject. Brewster and Tien [23] con-
cluded that the independent scattering assumption is
valid in packed beds of large particles even for a
close packed arrangement. They.proposed the limit
of ¢/A <03 (i.e. 6> 0.3), where ¢ is the average
interparticle distance and A the wavelength of radi-
ation. On the contrary, Singh and Kaviany’s recent
investigation [24] based on Monte-Carlo simulation
of the radiation showed that the deviation from the
independent theory may be significant even for high
porosity particulate (6, = 0.935) and increases with a
decrease in porosity. They also showed [25] that the
dependent properties for a bed of opaque spheres
can be obtained from their independent properties by
scaling the optical thickness while leaving the albedo
and the phase function unchanged and the scaling

factor was presented as the following form,

H
-——-dp.
-1 KR, a

(16)

S, = 1.0+ 1.84(1—-6)—3.15(1-3) 2+ 7.20(1 — §)°
for 6 > 0.3. an

Thus the scattering and absorption coefficients can be
expressed as [24, 26]

o, = 1.5(1=8)(1—3)S,/d,
a=1.5¢(1-05)S,/d,

(18)
(19)

where ¢ is the particle emissivity. Thus the extinction
coefficient k = a+ g, is only related to the porosity of
the bed and the size of the particles.

Non-dimensional formulation of the problem

When introducing the non-dimensional variables,
X=x/d,, Y=yld,, U= (Wlu,, [=<i>/eTh, 0=
{T>»/T, the governing equations (1)—(4) can be trans-
formed into non-dimensional form,

ue K pr C
—— —=U+ -~ ——Re U*—1—Re,
Hrox K P Coo ¢
ue Dad*U
u, 6 ay: =0 20

o PG (00 4N 0 (k. 20
PColrew 0X 14 8Y\K, dY

—4t,Re(1— ) [94—g y ijj] @1

1l
#'rde oY~

(1-w)

w n
-1+ 0% + 2 Zl wil, Py,
f

(22)
where
Da=K,/d}, Re.=K,C,u,[vi..
Bo = (pCp)¢purfoTh, N=1ki, k., /4cTid,,
o = k/(pCy)r.
T, = max (Ty, T,),

R, =x/K,, K=da+o,,

Ty = K, d,.

Equation (19) is obtained from (1) accounting for the
expression of the pressure gradient (8/0x){p)>" on the
basis of Ergun’s equation [20]:
_ Hrle

— —PiCeus.

K. (23)

6 f
P =

In the above equations the local temperature is used
as the reference temperature to determine the thermal
physical parameters. But in order to focus our atten-
tion on the interaction between different heat transfer
modes, the influence of the dependence of temperature
on thermal physical parameters is neglected in
this paper, i.e. the ratio of py/pr.. ui/pr,. and
(pCy)e/(pC,) ¢ are taken as unity.

The dimensionless Boltzmann number Bo =
(pC,)su. /0Ty indicates the relative importance of
convective and radiative heat transfer. In the early
researches on interaction of radiation with other heat
transfer modes the main attention was paid to the
interaction between conductive and radiative heat
transfer and a conduction-radiation parameter
(Planck number) N = kix/4oT; was introduced. The
two dimensionless parameters Bo and N are related
through Peclet number,

Bo = 4NPejz, (24
where Pe = u. d ;. .
The dimensionless boundary conditions are,

Y=0, U=0, 6,=T,/T, (25)

N/2

I =g 0% m+2(1—¢,) Z Liw;|p,

j=1
(i=N/2+1,N) (26)
Yoo, U=1, 0=TyT, 27
01joY =0 (i=N/2+1,N) (28)
I = 1N/2+l (i=1,N/2). (29)

The conductive—convective and radiative heat
transfer Nusselt number can be expressed as,

hd, k. 1 20
Ny =-“®°__*< 7
Y=, Tk o0, or|,., OO
hd Pe N2
Nuy="e o T¢ (g i wim) ).
U=k, = Bo(®,—0y) <8W9W ey 2, ’f’”'"‘")

(3YH
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But in most of the previous investigations the longi-
tudinal coordinatg x was often used as length dimen-
sion in Nusselt number and Peclet number, the
relation between the two forms of Nusselt number is:

A 1/2
Nu,, Ji:Nu,-[i] Pe}/z

= 32

ke Pe (32)
where subscript i represents ¢ and r respectively, for
the conduction—convection and radiative components
and Pe, = ux/a’.

Numerical procedure

Numerical solutions of equations (20)—(22) with
the boundary conditions (25)—(29) have been
obtained with the finite differential method. A finer
grid is used near the heat transfer surface and upwind
region to account for the steep velocity and tem-
perature gradients. The center differencing is used for
the spatial derivatives except for the convective terms
for which upwind differencing is used along with the
linearization of the momentum and energy equations.
The calculation is iterated until the solution converges
and the accuracy of the finite difference solution is
tested by increasing the number of grid points and
comparing the results in the case where Darcy’s law
is used and no radiation occurs with the well-known
formula of Cheng [27],

Nu, = 0.564 Pe/2. (33)

RESULTS AND DISCUSSION

In order to investigate the relative importance of
the convective and radiative transfer and the inter-
action of the two transfer modes, the prediction is
carried out including the non-Darcian effects. The
effects of controlling parameters and of the direction
of heat flux are also checked, whose variation ranges
are shown in Table 1.

Non-Darcian effects

When only Darcy’s law is used for the forced con-
vection in packed beds, it means that the transverse
distribution of the fluid velocity and of the porosity
are uniform and no dispersion appears, so the momen-
tum equation (20) reduces to U = 1. Whereas if the
boundary effect is considered, the fluid velocity at the
solid boundary decreases to zero because of the shear
force. The larger porosity near the wall causes chan-
nelling flow as well as the variation of the thermal
diffusion in this region. The inertia effect increases the
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FiG. 2. Predicted results with different approximations
Re =100, Bo=10, T,/Tg =05, ¢, =0 =0.5. —— Nu;
—.— Nu,,, no radiation ; ——Nu,,. 1. Darcy’s law ; 2. non-

Darcian flow, no dispersion ; 3. dispersion considered.

pressure drop across the bed for large flow rates. For
a given particle Reynolds number, this phenomenon
retards the extent of channelling when the variable
porosity is considered. Thus the boundary and inertia
effects reduce the heat transfer and the channelling
effect enhances the heat transfer. The radial thermal
dispersion also strengthens convection. These general
trends of influence of non-Darcian effects were
obtained in recent years [9].

The relative importance of radiation and the effect
on the convection of these different approximations
are shown in Fig. 2. It can be seen that the non-
Darcian effects enhance the convective transfer,
especially when the dispersion diffusion is accounted
for in the region of leading edge when no radiation
appears. When the radiative transfer becomes non-
negligible, the convective transfer rate varies because
of the changes of the temperature distribution (Fig.
3). For the case illustrated in Fig. 2, the convection
decreases at the leading edge and increases in the
down-stream regime when the non-Darcian effects are
considered and the radiation enhances convection all
along the plate if Darcy’s law is used. This decrease or
increase means that the heat absorbed by the particles
near the wall from the bed bulk by radiation is smaller
or larger than that emitted to the wall, so the tem-
perature difference between the wall and the bed
adjacent to it decreases or increases.

Table 1. Variation ranges of controlling parameters

Bo N Re T./Tg

£y w R 6 Pr;

1,10 0.05 10, 10° 0.1,0.5
20 0.005 10° 0.9

0.0,0.5 0.0,0.5 10 04 07
1.0 1.0
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Fig. 3. Temperature profiles with different approximations
calculating conditions are same with Fig. 2. —— con-
duction + convection +radiation; —— conduction +con-
vection.

The absolute values and relative importance of the
radiative transfer change with the different approxi-
mations used. When the influence of the solid bound-
ary, inertia and channelling effects, which are limited
to the region just near the wall, are considered, the
radiation is enhanced. This indicates that the chan-
nelling effect is dominant for the considered situations
since the solid boundary and inertia effects weaken
the convective transfer and increase the boundary
thickness. The dispersive mixing strengthens the con-
vection obviously and induces the temperature field
to be sharper near the wall but to present a deeper heat
penetrating depth (Fig. 3). Thus when the dispersion
effect is included, the radiation contribution decreases
in comparison with the situations where only the solid
boundary, inertia and channelling effects are
accounted for. In addition, Fig. 3 proves that the
thickness of heat transfer boundary increases when
radiation occurred.

Influence of Boltzmann number, Bo

For the forced convection in packed beds at high
temperature, all of the three heat transfer modes, con-
duction, convection and radiation are significant, their
relative influences are governed by controlling dimen-
sionless parameters Pe, Boor N, T,, /Ty or T/T,, &,
w, and so on.

The parameter Bo = (pC,)u/aT; indicates the
relative importance of convective and radiative trans-
fer, its influence is shown in Fig. 4. When Peclet num-
ber remains constant, the change of Boltzmann num-
ber means the change of Planck number according to
equation (24). It can be found that the radiative trans-
fer rate increases very fast as the parameter Bo
decreases. For the parameters shown in the figure, the
ratio of radiation with respect to convection is about

J. D Lu et al
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Fic. 4. Influence of Boltzmann number Re = 100,
T,/ Tg =05, ¢,=w=05 — Nu,; — Nux. 1.

Bo =20;2. Bo=10;3. Bo = 1;4. Bo = 10, no interaction.

10% for Bo =20 and about 20% when Bo = 10,
whereas the radiative transfer is the dominant mode
of heat exchange when Bo = 1.0. In agreement with
the previous analysis, the convection would be weak-
ened by the radiation at the leading edge but enforced
in downstream region. The extent of interaction of
the two heat transfer modes on radiation can also be
found in Fig. 4, in which the curve 4 is related to
radiative Nusselt number based on the temperature
distribution when the interaction is omitted. For the
situation considered, the interaction would decrease
the radiative transfer rate because of the deeper heat
penetration when the two transfer modes act together.

Influence of particle Reynolds number

The influence of particle Reynolds number, i.e. the
Peclet number when the ratio of conductivities of solid
and fluid does not change, should be checked in two
ways: Bo or N remains constant as shown in Figs. 5
and 6, respectively. In these figures, the logarithmic
scale is used for longitudinal coordinates since the
local Peclet number changes with particle Reynolds
number. The constant Boltzman number means that
radiation follows the change of convection. So it can
be seen from Figs. 5(a) and (b), where Bo = 10 and
1, respectively, that the radiative Nusselt number and
the Reynolds number vary with the same trend. When
Bo = 10, convection is the dominant mode for all the
investigated range of Reynolds number whereas the
radiation is the dominant mode for Re > 10 when
Bo = 1. Figure 5(c) shows that the occurrence of radi-
ation strengthens slightly the convection for small
Reynolds number and weakens the convection for
large Reynolds number under the other control par-
ameters given in the figure. In addition a constant
Planck number means that the ratio of conductive and
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F1G. 5. (a) Influence of Reynolds number with Bo = 10.

T./Tg =0.5,6,=w=05— Nu,;--- Nu,. 1. Re = 10°;
2. Re = 10%; 3. Re = 10. (b) Influence of Reynolds number
with Bo =1. T,,/Ty = 0.5, &, = 0w = 0.5. —— Nu_; --- Nu..

1. Re = 10%; 2. Re = 10%; 3. Re = 10.

radiative transfers does not change as the Reynolds
number changes. It appears in Figs. 6(a) and (b),
where N = 0.05 and 0.005, respectively, that the vari-
ation of radiative Nusselt number with the increase of
Reynolds number is smaller than at constant Boltz-
mann number (Figs. 5(a) and (b)), especially for the
cases N =0.005. Radiation is the dominant heat
transfer mode for Re < 10? when N = 0.05 and for
all considered range of Reynolds number when
N =0.005. The effect of radiation on convection
shown in Fig. 6(c) is similar with the cases at constant
Boltzmann number. It is interesting to notice that
convection is affected by radiation very strongly for
small Reynolds numbers, especially in the down-
stream regime.
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F1G. 5(c). Influence of radiation on convection with Bo as

parameter. T,,/Ty = 0.5,¢, = o = 0.5. Bo=10;—..—

Bo =1; —.— no radiation. 1. Re = 10°; 2. Re = 10%; 3.
Re =10.

Influence of relative temperature, T,, [Ty

When the particle Reynolds number Re and the
convection-radiation parameter Bo remain constant
if the relative temperature T, /Ty changes from 0.1
to 0.9, the radiative transfer rate increases obviously
(Fig. 7), especially in the downstream region. The
ratio of radiative Nusselt numbers when the relative
temperature 7T,/Tg is 0.9 and 0.1, respectively, Nu, 4o/
Nu,,,, equals 60.5 at the position X = x/d, = 100.
The effect of radiation on convective transfer varies
as a function of the relative temperature T, /Ty. For
T, /Ty = 0.1, the radiation always enhances the con-
vection, but for T, /Tg = 0.9, the radiation reduces
the convective transfer in the considered longitudinal
range. The increase or decrease of the convection by
radiation just depends on the sign of the net radiation
absorbed by the particles. It must be pointed out that
this conclusion can be discussed because the model
assumption of independence of thermophysical prop-
erties on temperature is not respected when the tem-
perature difference between the plate and the bed is
large and its influence on heat transfer in packed beds
will be investigated in a later work.

Effects of wall emissivity and scattering albedo of the
bed

When the emissivity of the heat transfer plate.equals
unity, it would absorb all radiative energy emitted by
the bed medium, so the radiative Nusselt number is
maximum and its value is roughly equal to the con-
vective component when the other parameters remain
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FiG. 6. (a) Influence of Reynolds number with N = 0.05.

T,/Ts=0.5,¢6,=w=05— Nu;--- Nu. 1. Re = 10°;

2. Re = 10%; 3. Re = 10. (b) Influence of Reynolds number

with N = 0.005. T,,/T3 = 0.5, &, =0 =0.5. —— Nu; ---
Nu,.1. Re =10°;2. Re = 10%; 3. Re = 10.

constants (as shown in Fig. 8). In addition when ¢,
becomes zero, the radiative transfer between the solid
boundary and the packed bed vanishes. But in this
case the convection is obviously strengthened because
the bed medium absorbs the heat by radiation from
the bed bulk, on the other hand, it is evidently reduced
when ¢, = 1.0.

The bed medium will not take part in the radiative
transfer when the scattering albedo becomes unit, it
means that particles scatter all radiant energy reaching
them. For this situation the radiative transfer
coefficients would be zero when the bed medium is
considered as semi-infinite and the convective transfer

J. D. LU et al

Nu_ /Pe

0 50 100

Fi1G. 6(c). Influence of radiation on convection with N as

parameter. T, /T3 =05, &, =w=05 —— N=005;

—..— N=0.005; —— no radiation. 1. Re=10%; 2.
Re =10%;3. Re = 10.

rate would remain the same as there is no radiation.
When the scattering albedo changes from 0.5 to zero,
the radiative component changes only slightly, but the
convective transfer is enhanced significantly.

Effects of the direction of heat flux
All the above predicted results are obtained in the
cases of Ty > T, i.c. the heat is transferred from the

3
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X

Fi1G. 7. Influence of relative temperature. Re = 100, Bo = 10,
g, =@ =0.5. Nu,, ,— — Nu,,, no radiation ; - -~ - Nu,,.
1.T,/Tyg=09:2.7,/Tyg =05:3. T,/Tg = 0.1.
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FiG. 8. Influence of plate emissivity and scattering albedo of
packed bed. Re =100, Bo =10, T,/Ty = 0.5. —— Nu;
-«- Nu,. 1. g,=10, ©=05; 2. & =05, ©=05; 3.
£, =00, w=05;4.¢,=05 0w=10:5¢=05 w=00.

bed to the plate. When only the convection mode
occurs and the thermal properties remain constant,
the convective Nusselt number does not change with
the direction of heat flux. But as the radiative transfer
becomes important, both the convective and radiative
transfer components would change with the direction
of heat flux. Comparing the predicted results when
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FiG. 9. Influence of direction of heat flux. Re = 100, Bo = 10,
&, = w = 0.5. —— Nu, ;—-— Nu,,, no radiation ; - - - Nu,.

1.65=10,60,=05;2.0,=0.5,0,=1.0.
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the direction of heat flux changed, just as shown in
Fig. 9, it can be found in general that the radiative
transfer rates would be larger when the heat flux is
from the heat transfer plate into the bed than when
the heat flux is in the opposite direction. It is also
shown that convection is generally reduced by radi-
ation when T, > Ty, except when the emissivity of the
heat transfer surface is small, in this latter case the
bed medium emits heat energy transferred by con-
vection to the bed bulk and therefore enhances the
convective transfer.

CONCLUSION

This paper presents numerical predictions of forced
convection and radiation heat transfer between a flat
plate and the packed medium at high temperature.
It is shown that the radiative transfer rate and the
interaction of different heat transfer modes are depen-
dent on the different approximations made for hydro-
dynamics and heat transfer in packed beds and the
direction of heat flux. Generally, the radiative transfer
rate increases with the decrease of: convection—radi-
ation parameter, conduction-radiation parameter,
plate and bed temperatures, scattering albedo of bed
medium ; and the increase of : Reynolds number, wall
emissivity. The convection is enhanced when the heat
flux direction is from the bed to the plate and is
reduced when the heat flux is in the opposite direction
(in the cases considered in this paper). When the
emissivity of the plate is small, the convection would
always be enhanced by radiation regardless of the heat
flux direction. It should be indicated that the results
obtained in this paper illustrate the main tendencies
due to radiation effects since more theoretical and
experimental studies are needed in packed beds to
understand the hydrodynamic and heat transfer
mechanisms more clearly and the choice of some
empiric formulas, such as porosity distribution and
dispersion, more reasonable.
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