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Abstract—The multiphase flow of gaseous suspensions of fine particles furnishes high heat transfer
characteristics at high and/or extremely high temperatures and at high heat fluxes due to the radiative
transfer from heat source to suspensions. The phaseshift of particulate medium improves the overall heat
transfer remarkably and from the practical viewpoint there exists important relevance pertinent to the

industrial applications.

It is worth having a closer look at the behaviors of the suspensions and the heat transfer mechanism in
flowing multiphase media so that the discussions are held concerning the foregoing media in some details.

An analysis is carried out on the laminar flow between parallel plates by taking into account of thermal
radiation and the results illustrate the temperature profiles of fluid and dispersed phase, respectively, and
the heat transfer characteristics for the wide ranges of dimensionless parameters such as conduction~
radiation interaction parameter, loading ratio of particles, optical depth of duct, heat transfer between the
two phases and so forth. Reference to the temperature profiles reveals the facts that while the temperature
gradient in the vicinity of the heating surface increases due to the presence of particulate phase, the cup-
mixing mean temperature is raised appreciably by thermal radiation through the dispersed medium. In
consequence, the contributions of suspensions on heat transfer are drastic, particularly in high temperature
cases. Alternatively the correlations between the foregoing dimensionless parameters are also examined

in current study.
NOMENCLATURE h, local heat transfer coefficient of
» surface area of single particle; duct;
o Boltzmann number (=4ncT? / k,, thermal conductivity of fluid;
p e i) M, dimensionless parameter defined
CpC,p speciﬁ[c heat of fluid and particu- by equation (20);
late phase; Np, interaction parameter of conduc-
d, equivalent diameter of flow chan- tion to radiation;
nel; Nu, Nusselt number of heat transfer
d, diameter of particle; between particle and fluid;
E, Euler’s constant Nu_, local Nusselt number defined by
(=0-57721566- - - - - ); equation (25);
E, (1), radiation energy emitted by black- ~ Nu, .., Ni . local Nusselt number of
bodyat z; convection defined by equations
E (1), function of exponential integral (33)and (35);
N Nu_ .o  local Nusselt number of radiative
(= 6‘ 4% exp (—t/p) dp); transfer defined by equation (34);
n, refractivity;
h, heat transfer coefficient between n, particle density (number of par-

particulate and fluid phase;
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ticles in unit volume);
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Pr, Prandtl number;

Qoo convective heat flux defined by
equation (26);

q~, radiative heat flux defined by
equation (27);

g total heat flux defined by equa-
tion (24);

R(0), R(z), radiosity;

Re, Reynolds number;

T, T, temperature of fluid and particle;

T, cup-mixing mean temperature of
multiphase medium;

T temperature of  multiphase
medium at entrance of duct;

T, wall temperature;

uu, dimensionless velocity (u/i);

u, i, velocity, mean velocity;

Up U, velocities of fluid and particle;

- volume of single particle;

X,AX, dimensionless independent vari-
able and its finite difference,
equation (12);

Y, AY, dimensionless independent vari-
able and its finite difference,
equation (12);

X, y, coordinate system ;

Vo distance between parallel plates.

Greek symbols

r thermal loading ratio of particle
defined by equation (15);

P, loading ratio of particle defined by
equation (15);

€, emissivity of particle;

€, wall emissivity;

e, dimensionless temperature differ-
ence 8—0, normalized by (6,-6,);

04, 0%, dimensionless temperatures of
fluid and particle;

6., dimensionless cup-mixing mean
temperature of multiphase in
equation (32);

8, 0, , dimensionless cup-mixing mean

temperatures of fluid and particies
in equations (30) and (31);
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0, dimensionless temperature at en-
trance (= T,/T,):
0, dimensionless temperature  of
wall;
g, polar angle:
K, absorption coefficient of particu-
late medium defined by equation
(4);
Yy = cos f:
Paps apparent density of dispersed (par-
ticulate) medium;
PPy densities of fluid and particle;
o, Stefan—Boltzmann constant;;
1, optical depth;
Tgs optical thickness;
¢, azimuthal angle;
2, solid angle.
Super- and subscripts
dp, dispersed phase;
1, fluid;
0, entrance;
P, particle
R, radiation;
w, wall;
!, dummy variable.

1. INTRODUCTION

THE MULTIPHASE medium is tentatively defined
here as the mixtures of the dispersed phase,
which consists of fine particles of solid and/or
liquid, and the carrier medium of fluid phase
with an exception that both phases are in liquid.
For the heat transfer studies at high temperature,
however, the gaseous carrier is preferable. A
considerable number of studies [1-3] have been
issued in the past due to the facts that the multi-
phase bears heat transfer with high heat flux
by virtue of the large heat capacity of particulate
phase and that it might facilitate to realise high
heat transfer characteristics by the behaviours
of particles. An exposition on this subject
appears in the text [4] by Soo.

A detailed understanding of the heat transfer
mechanisms relating to the behaviours of the
muitiphase medium has not been enunciated
thereafter, particularly in the system at high
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temperature where the thermal radiation should
be taken into account. Further it must be
stressed that the multiphase medium exhibits
a prominent feature of heat transfer in the field
of thermal radiation and it is not exaggeration
to mention that there exist no other media
comparable to multiphase at high or extremely
high temperature heat transfer. The present
study includes the phase shifts (melting, evapora-
tion and sublimation) of the particulate clouds,
in the media so as to facilitate the overall heat
transfer characteristics, eliminating the rate
process of heat transfer between the two phases.
The heat transfer mechanism is expressed
briefly as follows:
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(laminar or turbulent) and configuration of
duct (curved channel, variation of cross sectional
area along the flow, etc.) and also such factors
pertinent to dispersion as the mean size and
size distribution, density, melting and boiling
points, specific heat and the loading ratio (mass
flow rate of particles to that of fluid). When the
electromagnetic forces exert upon the particles
with electric charge or the sonic excitations
upon the multiphase flow field the heat transfer
characteristics might be influenced to a certain
extent. Furthermore the radiative properties
of multiphase such as absorptivity, reflectivity,
transmissivity and refractivity might affect the
heat transfer drastically.

high or extremely high
temperature heat sources

thermal
radiation

fluid
phase

particulate
phase

phase
shifts

This system can be applied to various kinds of
practical facilities of heat transfer at high or
extremely high temperature and at high heat
flux such as gaseous core nuclear reactors,
plasma and high temperature heat exchanger.
It is the objective of this study to determine the
heat transfer characteristics for the flowing
multiphase medium in the field of thermal
radiation.

2. SOME DISCUSSIONS ON HEAT TRANSFER
BY MULTIPHASE MEDIUM

Although the multiphase system takes
priority over other heat transfer media regarding
the high temperature and high flux heat transfer,
the elaborate knowledge on the phenomena
seems to be not enough. Consequently it is
available to summarize the problems embodied
in this system and to discuss them briefly, from
the speculative and practical viewpoints.

The major concerns are the behaviours of
dispersed media upon such hydrodynamic factors
as flow velocity, viscous force, flow regime

(a) Loading ratio

It is favourable for the engineering applica-
tions that the pressure drop induced by the flow
of gaseous suspensions with loading ratio of
0(1) is almost the same as that of single phase
flow [5]. Excepting the contribution of thermal
radiation the heat transfer characteristics of the
multiphase media increase with loading ratio
[6] because the entrance length is approxi-
mately proportional to the loading ratio. The
experimental results [7] of loading ratio up to
0(10?) illustrate that the heat transfer coefficient
becomes two or three orders of mangitude larger
compared with that of single phase flow,
although the details of experimental facility is
not described. Qualitatively the relative velocity
between dispersion particles and carrier fluid
is affected by the loading ratio and the ultimate
form with extremely large loading ratio in this
system results in the. heat transfer problems in
packed beds. While the heat transfer character-
istics by the multiphase flow is generally
improved as the loading ratio y increases, but
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in some cases without thermal radiation the
cup-mixing mean temperature of fluid may be
lower than that of single phase with the absence
of thermal radiation because of the fact that
approximately 1/(1 + y)fraction of total amount
of heat is transferred to the carrier fluid. The
elaborate exposition on the friction factor and
heat transfer coefficient of multiphase flow for
a wide range of loading ratio might have not
been elucidated.

(b) Size and size distribution of particles

The optical thickness of the flow duct is
inversely proportional to the mean size of
particles under the constant loading ratio,
which leads to better radiative transfer due to
the increased absorption of the medium for
thermal radiation. The handling of particles
with the diameter less than 10p, however,
becomes cumbersome for the practical purposes.
Alternatively when the size is large or the
excursion from the uniform size postulation
(size distribution) is large the temperature
distributions within the particles have to be
taken into consideration. In turbulent flow
regime a certain size of particles suppresses the
turbulence of flow and, in consequence, suffers
low heat transfer characteristics [8]. The
counter-effects, one is decrease of heat transfer
coefficient due to the depression of turbulence
and the other is increment due to the presence
of dispersion, have not systematically been
examined so far.

(c) Heat transfer between dispersion and carrier
fluid, and turbulent Prandtl number of
multiphase media

Postulating that the dispersed media are
spherical in shape and that the relative velocity
of particle to fluid is zero, the Nusselt number

defined by Nu, = h,d,/k, asymptotes to 2

which prescribes the heat transfer between two

phases. Foregoing relative velocity is, however,
inherent to multiphase flow owing to the large
density of particulate media irrespective of the
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flow regime (laminar or turbulent). Even in
laminar flow the heat transfer between two
phases might be related to the particle size,
loading ratio, Reynolds number, etc. In either
case of comparatively large size of particle or of
high temperature of the heating surface the
temperature of particle is increased appreciably
by thermal radiation and the temperature
(enthalpy) difference of the respective medium
will be drastic, wherein the heat transfer to
fluid via thermal radiation is not efficient, in
other words, the heat transfer between two
phases is rating the entire processes of heat
transfer from heat source to fluid. In turbulent
flow, the evaluation of Nu, being difficult, the
heat transfer between two phases substantially
increases so that the overall heat transfer
characteristics to fluid is promoted. In an
extremely high temperature system, however,
the temperature difference between both phases
might be prominent and the heat transfer from
particles to fluid will be a controlling process
again.

In order to climinate such a rate process it
will be plausible to introduce the dispersed
particles with comparatively low melting and
boiling points which yield phase shifts while
travelling in duct. It will also be available for
this purpose that the body forces induced by
sonic and electromagnetic fields (when the
particles have electric charge) exert upon dis-
persed media. In this connection the turbulent
Prandtl number ¢,,/¢, of multiphase medium
has been examined extensively for evaluating
the heat transfer processes but further analyses
have to be subsequently performed in order
to gain insight into the elaborate behaviour of
multiphase flow.

(d) Radiative properties of dispersed and fluid
phases
There are two cases of formulation of the
problem when the carrier fluid is gaseous state.
One is the transparent gas for thermal radiation
(inactive for infrared) such as nitrogen, hydro-
gen, oxygen, helium which are of importance in
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engineering applications. Particularly the helium
has been and will be used frequently for practical
applications because of its stable situation at
high temperature. Herein the thermal radiation
neither affords the improvement of heat trans-
fer at high temperature without the cloud of
particles because of its transparency nor, even
with particles, contributes to the heat exchange
between two phases above convection.

Carbon dioxide and water vapour belong to
the other case, in which these gases can absorb
and emit the thermal radiation (active for
infrared). In this case the heat transfer
mechanism becomes rather difficult, that is, for
the energy transport to the fluid in the central
part of duct there exist several modes of transfer,
namely, the convective transfer through fluid
layers, the convection from particulate phase,
which absorbs thermal radiation, and direct
radiative transfer from the heating surface.
Among these modes of energy transfer there
should be a crucial interaction which seems
to be an essential feature in this problem.

The absorption coefficients of infrared active
gases are, in general, small and then it is not
easy to realise a drastic increase of the absop-
tivity for radiation by pressurizing the entire
loop of circulation. Consequently even for
infrared active gases the additional effect of the
dispersed medium on the radiative transfer
might be remarkable and the opacity of carrier
fluid for radiation improves the heat transfer
coefficient between two phases to a certain
extent.

As another feature in multiphase flow system
it is feasible to alter the optical thickness of
duct with the variation of loading ratio and the
mean diameter of particles which yield a great
increase in radiative heat transfer character-
istics where one needs not to change the
equivalent diameter of duct and the pressure
of flowing medium. As outlined above although
the heat transfer by the multiphase media
involves many fundamental and technical prob-
lems it would be a plausible mean for high
temperature and high flux heat transfer.
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3. THEORETICAL ANALYSIS

3.1 Description of the problem

The analysis is concerned with the heat
transfer of fully developed laminar flow of the
multiphase medium between parallel flat plates
as shown in Fig. 1 and based on the following

EW rh‘ ?Z’
D
—_— dyj \1 Yo
ly x €w Tw 4 y
V Y, Y

F1G. 1. Physical model and coordinate system.

assumptions: (i) The surfaces of the duct are
considered to be isothermal, diffuse reflectors
and emitters and grey (e,, = const.). (ii) The
flows of both carrier and dispersed phases are
laminar and the velocity profiles of both phases
are parabolic where the flowing situation of
fluid is not influenced by the presence of
particles. (iij) The physical properties of the
multiphase (p, ¢, u, k etc.) are constant. (iv) The
dispersed medium is assumed to be fine
spherical particles with uniform size and dis-
persed homogeneously which can absorb and
emit thermal radiation in local thermodynamic
equilibrium but cannot scatter. (v) The thermal
diffusivity of particles is large and particle size
is small so that the temperature within each
particle is considered to be uniform. (vi} The
dispersed phase is assumed to be continuum
for thermal radiation and the fluid phase is
transparent for radiation. (vii) The energy trans-
ferred by the collisions between particles is
regarded to be negligible compared with that by
conductive, convective and radiative transports.
(viii) Neither the agglomerations of particulate
phase nor the chemical reactions in multiphase
are taken into account,.
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3.2 Formulation of the basic equations and
analytical method
The basic equations governing the tempera-
ture profiles for particulate and fluid phase are
in the following forms:

oT, aqt
Papptp a nphpAp(T =T~ By (1
T T
pfcfufgﬁ = kf?—zf—whn AL, -T) (2

where subscripts p and f denote particulate and
fluid medium respectively and the dispersed
quantity is designated by dp. Therefore, p,,
means the apparent density of dispersed phase
which is correlated to the density of particulate
substance p,

Pap = PV 3)

Postulating that the dispersed phase is con-
tinuum for the thermal radiation, the absorption
coefficient is derived from a simple geometrical
consideration  concerning the particulate
character of dispersed medium as follows:

k= nld [2%ne, 4

The optical length 7, the optical depth of a
duct 7, and the exponential integral are defined
in the following

rmgkdy 5

Yo

=Ty 6)
“Zexp(—t/wdp (u=cosh). (7)

Then the radiative heat flux g®(r) in equation
(1)is in the form

g(x) = 2[RO)E (1) + (j) E,(t)E,(z — v)dt’

=~ R(s)Ey(t, — 1) = | Ey(ME, (¢ — 1)dv']

®)
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where primes denote the dummy variable and
the radiosities R(0} and R{r,) are equal owing
to the constant temperature T, of the two walls

R(0)/4xeT* = R(r,)/4xcT?

= {e 0% +2(1 —¢,) tf O4(0)E,(t, — 1) dr}/
{1=20-¢)E} )

Here 6 = T/T, is used. The boundary condi-
tions are

y=0(=0), Tf=’I;:Tw(0r=0p=1)
y=ylt=1,); (10)
XZO, Tf=7;,=7:3(9f=9p=90)

The discontinuity of the dispersed medium
temperature at the wall has to be examined with
an aid of the radiation slip [9] in a strict sense
but the boundary conditions of equation (10),
which is tentatively used, reduce the mathe-
matical difficulty. It is further assumed that the
velocity profiles for both phases are the same
over the entire range of duct, that is

U= up/ﬁp = uf/af = 6{0}/3’0) - (y//yg)z}' (1
This does not, however, necessitate the equality
of the mean velocities of i, and .
Multiplying the equations (1) and (2) by a
factor (yf)/k T and transforming the variables
defined as
= (x/y,)/RePr
o (12)
Y=yly, =11,
one can get the basic equations in dimensionless
form by simple mathematical manipulations.

: oer 412
= r _ pf
rus; Nudxd;p(é) 07
* iz{j o) 0D B — vy ar
Jeﬂs( 1 b e - r')dr’} (13)

0
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66f o20r 4r0
-9 14)
x - TN (of &)«
where
r=Pa%% _ % <y=p_udf‘> (15)
p g, ¢ Psus
Nu, = hd Jk,. (16)

In equation (15) while y is the “conventional”
loading ratio prevalently used in multiphase
flow, I' means the ratio of heat capacity flow
rate of two phases and this quantity is rather
convenient dimensionless parameter in heat
transfer of multiphase flow and called here
“thermal” loading ratio of particles. Alter-
natively Nu, in equation (16) is defined as
Nusselt number for the heat transfer between
particles and surrounding fluid which is in-
fluenced by many factors such as flow regime
(laminar or turbulent), the presence of phase
shifts and body forces exerted on particles and
so forth. Nu, tends to 2 asymptotically as the
relative velocity between particles and fluid
diminishes without the phase changes and the
body forces.

Equations (13) and (14) constitute simul-
taneous integrodifferential equations with high
order of nonlinearity and it seems to be formid-
able to get an analytical solution. Accordingly

N+
N

Jj+2
/+ 1
/ O Unknown

RE S

j—2
;7
F1G. 2. Lattice of finite difference.

® Known
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the numerical solution by a finite difference
method might be pertinent to this problem. An
examination of equation (14) leads to a tractable
procedure in order to determine the lattice of
finite differences along X and Y axes because
of the parabolic form of equation (14); however,
there may exist an uncertainty for equation (13).
If the integral terms in equation (13) are used for
iterative evaluation one may regard the fore-
going equation as a modified form of linear
differential equation in parabolic type. In
consequence, based on the finite difference
technique of implicit method, as illustrated in
Fig. 2, the differentiations with respect to X, Y
(or 7') in equations (13) and (14) can be replaced
by

N

6" o7, —0r, 80’ 6, —6l
oxX AX X AX
50’_10f+1Jk+1—0f+1’k_1 1
T3y =2 AY 10
0%/ _ eif+ 1L,j+1 + Bif+l,j— 1 29{“,;
Y2 (AY)?

~

and the substitutions of equation (17) into
equations (13) and (14) and the approximation
of the integrals in equation (13) by trapezoidal

formula yield
FU 0f+ 1, 6 6 —
AX

N
Z E,(t,[Y, - Y,])

2
T
_+__0_{
Np =1

3
0€+1,k(9{+1,k+1 - 0€+1,k—1)

—M(6f+1,j - 0{+1,j)

+ Ez(TO[YN+1 - );'])ofjl,zvﬂ(ef’n,ivﬂ_ 0:'P+1,N)
-1
- RZ,ZEz(To[};' - Xc])eﬁfhk(efﬂ,kﬂ - 9f+1,k— 1)

—Ez(ro[Y Y] Bfix 1 01+ 1,27 9:+1,1)} (18)

9{“ a0 o 0l =20
Ui AX (AY)?
+M(0,+1 J 9{+1,j) (19)
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where
A 2 4 2
M = Nu,2222¥e _ Ny “Te (g
d kd ¢
14 prp

As the temperatures at j = 1, N + 1 are known
from the boundary conditions the number of
unknown temperature designated by the symbol
O in Fig. 2 is 20N — 1) (67, , 6/, for
Jj = 2-N)and these temperatures can be obtained
from the known temperatures of N + 3 desig-
nated by the symbol @. For the iterative pro-
cedure the temperatures of 67, | . appeared in
{} of equation (18) are, at first, approximated by
0 ; and thereafter the derived solutions substi-
tute the foregoing 67, ,,; repeatedly until the
desired convergence is satisfied. Once the con-
vergence of iterative solution has been estab-
lished, the progressive calculation on X is
successively performed in a similar manner. In
this calculation for the exponential integral
function E, (1)

(=" (21

(m — 1)m!

E (1) = t(lnt + E —- 1) —

m=0
m# 1

is used, where E denotes Euler’s constant.

4. EVALUATION RESULTS AND DISCUSSIONS

4.1 Temperature profiles

The typical results of temperature for both
dispersed and fluid phases in Figs. 3-7, whose
ordinate denotes the normalized dimensionless
temperature as @ = (6 — 0,)/(6, — 0,). There
exist a couple of parameters which affect the
temperature profiles and heat transfer in flowing
multiphase media and further, the crucial inter-
actions between these parameters need the
speculative considerations. The pronounced
features on the temperature profiles are as
follows, that is, the temperatures for both phases
around the central core in a duct increase
appreciably due to the radiative transfer to the
cloud of particles, provided that the optical
length from the heating wall is appropriate,
while the temperatures decrease in the vicinity
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of wall because of the presence of particles
which might be presumably attributed not only
to the comparatively large heat capacity of
particles but to the absence of conductive heat
transmission through particulate phase. The
latter effect depicts the temperature gradient
at the wall steeper and facilitates the convective
heat transfer and the former increases the cup-
mixing mean temperature. It might be expected
that the heat transfer characteristic shows a
drastic increase owing to the cumulative effects
(increment of cup-mixing mean temperature
by thermal radiation and that of the temperature
gradient at the wall). These effects are prominent
behaviours of heat transfer with thermal radi-
ation in multiphase flow and show a remarkable
contrast with radiative heat transfer in a single
phase absorbing and emitting medium where
the temperature gradient at the wall tends to
decrease owing to the temperature rise of
medium in an entire range of cross section by
thermal radiation [10].

Figure 3 illustrates the temperature profiles
of two phases with the variation of parameter X.

-0 T

W N owou

SRR

08

- luid
N\ ——~ Particle
o6 N\ —
\\
x=002
® X

N TS g
02 03 04
T/ T

0-5

F1G. 3. Temperature profile vs. t/1, (effect of X).
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One may rewrite the parameter X
X = (x/yo)/(RePr = (x/yo)BoNR/ro (22)

where B, denotes the Boltzmann number which
is the ratio of radiative heat transfer to convective
and defined as

(23)

Therefore one can examine this illustration from
an alternative viewpoint. The temperature pro-
files show, in general, the substantial difference
from those of Graetz’s solution [11], where the
thermal radiation is not taken into account,
and also presents some interesting features
which will be examined in the following. The
temperature difference between particulate and
fluid phase, which depends on the dimensionless
parameter M (where M is related to the heat
transfer between two phases), tends to decrease
as X is increased in the immediate vicinity of
wall (6 > 67), while the variation of the
temperature difference in the central core of
duct (6/ < 6%) is seemingly tranquil. Alterna-
tively the location (z/z,),, where the equality of
temperatures for both phases is realized, is
situated in the vicinity of the wall and thereby
the temperature of particles is higher than that
of fluid in the major portion of entire cross
section. The location of (t/7,), has a trend of
slight increase as X is increased up to certain
value and, thereafter, has an inversed trend as
X is further increased. For the cup-mixing mean
temperatures of both phases the mean tempera-
ture of dispersed phase is higher than that of
fluid throughout the duct from the very entrance
edge with an exception of the large value of N,
(conduction predominates over radiation). The
difference of mean temperature between both
phases tends to increase gradually up to a certain
difference and afterward tends to decrease as
X increases.

The effects of N, on temperature profiles are
shown in Fig. 4 (a) and (b) for two values of
X (= 00004, 0:01). At X = 00004 (near the
entrance or at high Reynolds number) the
location of (r/z;), approaches to the heating

B, = 40T /p,cfi,.

S N

- Fluid -
—-——-Particle

e

o1 02 03 04 05
T/ Ty
F1G. 4(a). Temperature profile vs. t/7, (effect of Ng).
"o T T 1
x =001
7, = O
R
M= 4x103 _|]
o8 Bo= 05
06— — Fluid —
——= Particle
C .
Nﬁ-IvO
o4
/V;fm
o2

T/Tq

F1G. 4(b). Temperature profile vs. t/t, (effect of N).
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wall as N, decrease (radiation predominates
over conduction) and at X = 0-01 (far apart
from the entrance or at low Reynolds number)
the range where the fluid temperature is higher
than that of.particles penetrates to the central
part in a duct in case of large value of N, and,
in consequence, the mean temperature of fluid
may happen to be higher than that of particles.
On the contrary the temperature of particulate
phase yields a remarkable excursion from that
of fluid at very small value of N, where the
multiphase flow is exposed in an extremely
high temperature heat transfer (for example
N, = 0-001 in Fig. 4(a)). The chain line in Fig. 4
is related to the temperature profile of single
phase without thermal radiation. Figures 5
(a) and (b) concern the effects of the optical
thicknesses of a duct on the temperature profiles.
In case of large optical thicknesses the tempera-
tures at the duct centre are slightly changed
with the variation of the optical thickness, while
the temperature through a wide range in duct

I I f I
x = 00002
r=1.0 3
M= 4x10
Ne 0-01
08
b? 05
06 —— Fiuid ]
—— = Particle

01 02 03
'r/'ro

04 05

Fi1G. 5(a). Temperature profile vs. t/z, (effect of ).

[e]

o8

Fiuid —
—=—Particle

I I
x =001
T 0
M=4x0°
Np=0-01
90=O-5

— Fluid
——~ Particle

o1 o2 03 o4 o5

T /‘ro

F1G. 6. Temperature profile vs. t/z, (effect of I').
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is increased appreciably with the optical thick-
ness. The other feature is that the temperature
differences between two phases become indis-
tinguishable for the optical thickness 7, 2 2.
The influences of the thermal loading ratio are
depicted in Fig. 6, in which the temperatures
of both media with low thermal loading ratio
indicate much higher than those with high
thermal loading ratio due to the large heat
capacity of flowing medium and simultaneously
the temperature of particles becomes rather
high compared with that of fluid at low thermal
loading ratio. From a practical viewpoint it is
noted that the multiphase flow with high
particle load is plausible regime for the heat
transfer of high heat fluxes but not suitable in
order to get high temperature gases at an exit.
Finally Fig. 7 shows the temperature profiles

o T 1 I

[ TI]

—o1 x
T To
G eNeNoXe)

|

(o]

@
o
od

06 = Fluid
' ———Particle
® !
|
|
oat!
02—

ol 02 03 04 05
T/To0

Fi1G. 7. Temperature profile vs. 7/t (effect of M).

when the dimensionless parameter M is varied.
The example of M = 4 x 103 corresponds to the
case of Nu,~2 for dp ~ 10y, Nu, ~ 20 for
d,~ 10’y and Nu, = 200 for d, ~ 10°s with
the parameters of 1y = 1,¢, = 1and x ~ 0(1).
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For the actual calculations Y/2 is divided
into 25 equal intervals and the lattice interval
along X near the entrance is 2(AY)? and the
interval is gradually increased. It can be easily
understood from the factor (13/N ) in equation
(18) that the convergence of solution requires a
number of iterative calculations for large 7,
and small Ny and further, that the convergence
is not fulfilled for the extreme cases. It may be
noted that one can resolve this difficulty by
replacing a small interval of AX.

4.2 Heat transfer
The overall heat flux at the wall g, is a sum
of the conductive heat flux gq___ and the radiative

con
heat flux ¢q_,,

= qcon + qrad' (24)

The local Nusselt number Nu_ at the length x
from entrance is defined as

qmtal

hd q,....4
N — _x'e _ total "e =N N
ux kf kf( Tw _ Tm) ux,con + ux,rad

(25)

where d, denotes the equivalent hydrodynamic
diameter and q__, q,,4, Nu and Nu are

rad’ X, con x, rad

represented in the forms

Qeon = — kg (%)yz . (26)

Grns = [ROES(0) — R(z)Eq(r,)
- IEb,,(r)Ez(r)dr] @
Nux,ccn = qcm.de/kf(Tw -T) (28)
Nty oy = Qg - Ak (T, = T).  (29)

The cup-mixing mean temperatures for fluid,
particulate and multiphase media in dimension-
less forms are

Ue,dy (30)

@31
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1
0, =110, +T0 UdY/{1+TI).

0

(32)

Substituting equations (26) and (32) into equa-
tion (28) and equations (27) and (32) into
equation (23) one gets

Nux,con == <%> /(1 - Bm) (33)

Nu =~ 0
©rad T ON(1-6,)

[E,(0) — E,(t,) — 7o | Y VE,(1,1)AY]. (34)
0

Substitution of equation (30) instead of equation
(32) into equation (28) yields another Nusselt
number

, 007
N, = — <ﬁ>y=o / (1-6,,) (39

Although the physical meaning of the Nusselt
number defined in equation (25) is prevalent and
valid, the meanings of Nusselt numbers in
equations (33) to (35) are eventually ambigious.
In a strict sense of Nusselt number (for example
equation (25)) the mean temperature has to be
correlated to the local heat flux and its history
along x. Noting on the dispersed phase the heat
quantity which is transferred to this phase
consists not only of the heat quantity substract-
ing that transferred to fluid from the radiative
transferred energy to particles for the region

:{ Fluid phase '—H Fluid phase I

. l f
* L =] Particulate _J,_ Particulate
g ,F_’, phase ‘[‘ phase
5 I
Yo = R —
I .

Vicinity L Central core

T of duct
of wall

— (Conduction ond convection
—=—— Radiation

FiG. 8. Heat transfer mechanism.
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where the temperature of particles exceeds but
also of the heat which is transferred from
fluid to particles in the vicinity of the wall. For
the fluid phase the net quantity of heat trans-
ferred to this phase can be found by a similar
argument for the dispersed phase. The typical
heat transfer mechanism of multiphase flow is
schematically sketched in Fig. 8. Consequently
in the rigorous definition of Nusselt number
which evaluates the heat transfer characteristics
for each phase the substantial heat flux to an
alternative medium has to be accounted coupling
with the mean temperature of the corresponding
medium. In this paper equation (35) is tentatively
used for the comparison to the Nusselt number
of convective heat transfer without radiation
and shown as a family of dotted curves in
Fig. 9.

Figure 9 illustrates the relations of Nu_and
Nu, vs. X as parameters of radiative ~ con-
ductive interaction N,, optical thickness t,
and thermal loading ratio of particle I'. The
behaviour of Nu_ against X, that Nu_has a
certain minimum and tends to increase follow-
ing this point, is peculiar to combined heat
transfer with radiation which means that the
temperature field in flowing medium is not
fully developed in a down stream. The inter-
action between radiation and convection in
multiphase flow seems to be rather strong
compared with that in single phase flow of radia-
tion absorbing and emitting medium. Reference
to the figure indicates that the influences of
N, and 7, on Nu_ are drastic and that of I is
seemingly small while I affects Nu'_appreciably.
The preceding discussions reveal the heat trans-
fer mechanism in multiphase flow to some extent
and further elaborate examination will be
performed in the subsequent studies. In Fig. 10
the cup-mixing mean temperatures of multi-
phase are plotted against X. The dotted line
corresponds to the single phase (I' = 0) without
radiation (N, = ). 0, for N, = 1-0 and 01 is
lower than the dotted line because the mass flow
rate (or heat capacity) of medium (I' = 1) is
about two times of single phase medium (I" = 0).
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4.3 Relations of the dimensionless parameters and
discussions

Among the dimensionless parameters used in
present study X, N, and t, are familiar to the
radiative heat transfer. The optical thickness
t, is, however, correlated to the particulate
system whilst the absorption coefficient k is a
physical property in a radiation absorbing and
emitting medium. Consequently some brief
discussions will be developed on the optical
thickness, thermal loading ratio of particles
and heat transfer parameter between two phases.
The algebraic manipulation of « leads to

2= (it (@)
k=s¢n|l-L|n = e ||=L=2r
r (2 P Pty F/\d,/2

(36)

where « is related to I'. The familiar parameters
such as X and N, contain the absorption
coefficient « as

XY, KX
= =—N_B

PrRe 17 K70 (37
Ny = k/4n’cT. (38)

Then one has to examine the effects of these
parameters in the heat transfer system of multi-
phase flow. By the way the first factor in
equation (36) concerns to the physical properties
of multiphase media and the second to the flow
system. The relations among the parameters of
T M and I are

Prlyr Yo
= (2L, (2o 39
o <ch1’ p)(dp/z ) &9
Prer .\ 8y, B o
M ==L — 2 Y
<Ppcp £p> 3Nudﬁfr
_ m)ﬁ& Yo V'
Pip/30a,\d,/2) " (40)

Similarly the first factors in equations (39) and
(40) are referred to the physical properties of
both phases. Helium, nitrogen and air for fluid
and water, magnesium, carbon and aluminium
for particulate phase will be utilized for the
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practical purposes. In these illustrations p iy

= 0(1073) ~ 0(10~*). Equation (39) indicates
that t, is proportional to y, and I', and inversely
proportional to d, In order to change the
optical thickness t,, which is of great significance
in heat transfer characteristics, it does not
necessitate to pressurise the whole loop of
circulation as in case of a radiating gas but it is
feasible to realize by varying the loading of
particles and the particle’s diameter. This fact
leads to a particular interest in engineering
applications.

An examination of equation (40) shows that
M is proportional to (Nu,.d %) under constant
I'. In other words for small particles M is large
which reduces the temperature difference be-
tween two phases and vice versa. In an extremely
high temperature system, however, the tem-
perature difference might be appreciable unless
the augmentation on heat transfer between
particles and fluid in better perspective by
means of the turbulence producer, exerting the
body forces by electromagnetic or sonic vibra-
tion and so forth.

Finally though these parameters encountered
in this system are coupled together it must be
emphasized that one may be able to alter the
parameter independently by changing the com-
bination of two media, particle’s diameter,
number density of particles and so on and then
the desired situation might be in reality, while
in a radiation absorbing and emitting gas it is
often formidable to realize a plausible physical
condition which is predicted theoretically.

5. CONCLUDING REMARKS

An analysis has been performed on the
radiative heat transfer by flowing multiphase
medium at high or extremely high temperatures.
The physical model employed here is based on
laminar flow in parallel flat plates and yields
the following conclusions.

(1) On the temperature profiles of multiphase
medium the temperature gradient at the wall
becomes steeper while the cup-mixing mean
temperature is increased by the temperature
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rise at the central core in a duct due to the
radiative heating of particulate medium and
these effects lead to the high heat transfer
characteristics.

(2) The effects of dimensionless parameter
group (X, N,, 1,, I' and M) on temperature
profiles, heat transfer characteristics and cup-
mixing mean temperature are elucidated sys-
tematically.

(3) The examination of heat transfer mecha-
nism in multiphase flow and the discussions on
the analytical results show that this system is
plausible means for high temperature and high
flux heat transfer and promising for engineering
applications to a great extent.
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RAYONNEMENT THERMIQUE PAR UN MILIEU MULTIPHASIQUE EN ECOULEMENT.
lere PARTIE: ANALYSE DU TRANSFERT THERMIQUE D’UN ECOULEMENT
LAMINAIRE ENTRE DEUX PLAQUES PLANES PARALLELES

Résumé— L’écoulement multiphasique de suspensions gazeuses de fines particules assure de hautes
caractéristiques de transfert thermique 4 des températures élevées et 4 des grands flux thermiques dus au
transfert rayonnant depuis une source thermique vers les suspensions. L’aspect discontinu du milieu
dispersé améliore remarquablement le transfert thermique global et du point de vue pratique il existe un
prolongement important dans les applications industrielles.

Il est important de faire une étude plus précise des comportements des suspensions et du mécanisme de
transfert thermique dans des milieux multiphasiques en écoulement de fagon a conduire une discussion

détaillée.

On a mené une analyse de 1’écoulement laminaire entre des plans paralléles en tenant compte du
rayonnement thermique. Les résultats illustrent les profils de température du fluide et de la phase dispersée
et les caractéristiques du transfert thermique pour de larges domaines des paramétres sans dimension
tels que le paramétre d’interaction conduction-rayonnement, le rapport de charge des particules, la
profondeur optique de la conduite, le transfert thermique entre les deux phases. Un examen des profils de
température réveéle que tandis que le gradient de température au voisinage de la surface chauffée croit
a cause de la présence de la phase dispersée, la température moyenne du mélange est augmentée de fagon
appréciable par le rayonnement thermique 2 travers le milieu dispersé. En conséquence, la contribution
des suspensions sur le transfert thermique est importante, particuliérement dans les cas des températures
élevées. Alternativement, les relations entre les paramétres sans dimension précédents sont aussi examinées

dans cette étude.
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WARMEUBERTRAGUNG DURCH STRAHLUNG BEI EINEM FLIESSENDEN
VIELPHASEN-MEDIUM. TEIL I: EINE UNTERSUCHUNG DES WARMEUBERGANGS
BEI LAMINARER STROMUNG ZWISCHEN PARALLELEN EBENEN PLATTEN

Zusammenfassung-- Infolge des Wirmeiibergangs durch Strahlung von der Wirmegquelle auf suspendierte
Teilchen, liefert die Vielphasenstromung von Gassuspensionen feiner Teilchen hohe Warmestromcharak-
teristiken bei hohen und/oder sehr hohen Temperaturen und hohen Wirmestrémen. Die Phasendnderung
des Teilchenmediums verbessert den gesamten Wirmeiibergang erheblich. Praktisch ist dies fir die
industrielle Anwendung wichtig.

Es lohnt, das Verhalten der Suspensionen und den Mechanismus in strémenden Mehrphasenmedien
niher zu betrachten, um eingehendere Diskussionen anzuregen.

Die laminare Stromung zwischen parallelen Platten wurde untersucht, wobei die Temperaturstrahlung
beriicksichtigt wurde. Die Ergebnisse geben die Temperaturprofile des Fluids bzw. der dispergierten
Phase wieder und Wérmeiibergangscharakteristiken fir einen weiten Bereich von dimensionslosen
Parametern wie den Wechselwirkungsparameter Strahlung-Leitung, Anteil der Teilchen, optische Breite
des Kanals, Warmeiibergang zwischen den beiden Phasen u.s.w.

Die Temperaturprofile ergeben: widhrend der Temperaturgradient in der Nachbarschaft der Heizfliche
ansteigt, aufgrund der Anwesenheit der Teilchenphase, nimmt die mittlere Mischungstemperatur wegen
der Temperaturstrahlung durch das dispergierte Medium hindurch merklich zu. Folglich sind die Beitrige
von Suspensionen zum Wiarmeiibergang gross, besonders im Falle hoher Temperaturen. Ausserdem werden
in der vorliegenden Arbeit die Beziechungen zwischen den oben erwidhnten dimensionslosen Parametern

geprift.

JYUUCTBIA NMEPEHOC [P TEYEHUU MHOI'O®A3HON CPEj1bI

YACTDb 1. Anaaus Tensoo0MeHa B IAMUHAPHOM 11I0TOKe MemAy MIOCKOMAPAJIIeIbHbBIMM
nJacTMHaMu

AHHOTAUUMA—MHOTO(A3HLI T0TOK a30B3BeC MEJIKUX HaCTHILl XapaKTepU3yeTcA BBICOKO-
WHTEHCUBHBLIM TellJIOOOMEHOM Ipu BBICOKMX HJIM CBepXBBICOKMX TeMneparypax # 0oJbmuX
TEIJIOBHIX I[OTOKAaX 0Jaropapa JIyUUCTOMY I[epeHOcY OT MCTOYHMKA Tensla K B3BECAM.
OTHOCUTEIBHOE NepeMellieHMe (a3 JUCIepCHOH Cpegsl 3HAYNTENbHO YiIyduaeT o0mini
TEeHJIOOOMEH, 4YTO ¢ IIPAKTHYECKON TOYKM 3peHUA oOueHb BAMKHO I [IPOMBIILIEHHOIO
HpPUMEHeHus.

Ocofoe BHUMAHUE ViEIAETCH MOBEICHNI0 CVCHEH3HIT 1 MeXaHHM3My Tellioo(MeHA npH
TeueHUU MHOTOMABHBIX cped.

AHAIN3MpYeTCA JIAMNHAPHOE TeueHHEe MeMy lapajulesIbHBIMK IUIACTHHAMU ¢ YYeToM
TenyioBoit pajmauuu. IlpubejeHsl RaHHbBle, ONUCHIBAIOLINE paclpelesleHne TeMmuepaTypsl
IIUKOCTH M JIUCHIepTrUpOBaHHOM (Bassl, a TalMe TeNnI000MeHHble XapaKTepUCTHRY B IIMPOKOM
Juanasone Takux 0espasMepHLIX [ApaMeTpOB, KAK IlapaMeTp BlauMmofelcTBUA H3Jy4YeHUMH
W TeINIONPOBOJHOCTH , OTHOCHTEIbHAS KOHIEHTPAIMA YacTUI, ONTUYECKAaA TOJIMMHA TpyGo-
NPOBOJIA, TenIoo0Melr Mekay AByMA daszamu u T. X. OfpanieHue K TeMIepaTypHEIM NpoduirAM
O0HAPYKUBAET, YTO B TO BpeMH, KaK I'PAIMEHT TeMIeparyp BOJU3HM MOBEPXHOCTH HArpesa
yBeJnquBaercs 0Jarojaps HAJIUUNK0 JUclepcHoll (asel, cpelHAA TeMIepaTypa lepeMeniu-
BAHWA 3HAUNHTENbHO MOBBHIACTCA B pe3yiabTaTe TeIIOBOTO N3JIYYeHMA 4Yepes AUCNEPCHYIO
cpeay. Bemegersue sroro, nilAHue R3BeCeil HA TEINIOOOMEH OY€Hb BeJMKO, B 0COGEHHOCTH,
1pU BHICOKUX TeMneparypax. PaccMaTpuBaoTcea TaK#e COOTHOIEHHA MeH LY NpHBeXeHHBIM I

fespasMepHBEIMM TapaMeTpamiu.



