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Abstract— An analysis has been performed on the heat transfer with thermal radiation by flowing gaseous
suspensions of solid and/or liquid fine particles in an inlet section of circular tube. The examination of the
results on temperature profiles of both phases and heat transfer parameters illustrates that the multiphase
medium is pertinent to heat transfer at high and extremely high temperatures because of the absorption
behavior of the dispersed phase for thermal radiation and the results are summarized for wide ranges of
parameters such as loading ratio, heat transfer characteristics between two phases, optical thickness of a
duct, interaction parameter of conduction with radiation, etc. The interactions between the convection
to fluid and the radiation are. thercafter. examined in some details.

K(zon, ton1)s

kf’
M,

Ng,

Nu,,

NOMENCLATURE

surface area of particle = nd?;
Planck function = (¢/r)T*;
Boltzmann number =
4‘7T1/pfcfufm >

specific heats of fluid and particle ;
particle diameter ;

integral defined by equation (32a);
integral defined by equation (11);
heat transfer coefficient between
particle and fluid;

local heat transfer coefficient;
radiation intensity from the wall
= (o/m)Ty,;

integrals defined by equation
(12);

thermal conductivity of fluid;
dimensionless parameter defined
by equation (22);
radiation-conduction interaction
parameter = kk /4cT3;

Nusselt number of heat transfer
between particle and fluid defined
by equation (15);
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N Uz,
N u{, conv?

Pr,

qconv’
9rad>
Geotats

local Nusselt number;

local convective Nusselt number;
local radiative Nusselt number;
local Nusselt number of single
gaseous phase flow;

particle concentration (number of
particles in unit volume);

Prandtl number = u ¢ /k,;
convective heat flux;

radiative heat flux;

total heat flux;

pipe radius;

radial coordinate;

Reynolds number

=2Rpusy fis;

distance defined by equation (5);
temperatures of fluid and particles;
mixed mean temperature of flow-
ing suspensions;

temperature at inlet to the heating
section ;

wall temperature;

dimensionless axial velocity =
U/t
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Up, Uy, axial velocities of fluid and
particles;

Vi volume of particle =
(r/6) d;

X, axial coordinate.

Greek symbols

r, thermal loading ratio
= PaphpmCl Pyt gy

7, loading ratio = py,U /Pt s

Cpm surface emissivity of particle;

1, dimensionless radial coordinate
= r/R;

0, normalized dimensionless tem-
perature = (6 — 8,)/0,, — 8,);

8. dimensionless mixed mean tem-
perature of flowing suspensions
defined by equation (38);

O m Oy dimensionless mixed mean tem-
peratures of fluid and particles
defined by equations (36) and
(37);

8, dimensionless inlet temperature;

B dimensionless wall temperature
(= unity);

@, azimuthal angle shown in Fig. 1;

K, absorption coefficient of particles ;

778 viscosity of fluid;

£, dimensionless axial coordinate =
(x/R)/(RePr);

Pap apparent density of dispersed
medium = irdin,p,;

Pr P densities of fluid and particle;

o, Stefan~Boltzmann constant ;

T, optical thickness;

Tos optical radius = kR.

Suffixes

cony, convection;

dp, dispersed phase;

f, fluid;

m, mean value;

o, inlet;

D, particle;
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rad, radiation ;
w, wall;
1, dummy variable.

1. INTRODUCTION

THE PRESENT study deals with the heat transfer
by flowing multiphase medium at high or
extremely high temperatures where the medium
consists of the gaseous suspensions of solid and/
or liquid fine particles. In the former report
(Part 1) [1] an analysis was performed con-
cerning the hydrodynamically and geometrically
simple laminar flow heat transfer between
parallel flat plates by taking into account of
thermal radiation. The results indicated that the
multiphase medium exhibited a prominent per-
spective in the radiative heat transfer at high or
extremely high temperatures and at high heat
fluxes as well as the remarkable features [2-4],
that is, the multiphase flow had been considered
to be applicable to the convective heat transfer
with high heat flux due to the increment of heat
capacity and, further, might facilitate the heat
transfer processes relating to the behaviors of
the particulate phase. Namely the fluid tem-
perature gradient becomes steeper in close
proximity to the heating surface in spite of
radiation contribution, that is attributed to the
presence of fine particles (increment of heat
capacity and no conductive transfer of heat
among the particulate phase), while in the
central core of a duct the fine particles, which
absorb thermal radiation, increase not only the
temperature of the surrounding carrier fluid by
conduction and convection but also the mixed
mean temperature and, in consequence, the
Nusselt number

Nuf,conv = 2(69_,(/6'7)q=1/(9w - Qm)

which characterizes the heat transfer to the
fluid, increases cumulatively. Although the heat
transfer mechanism is complicated by the
presence of particles and radiation, the principal
heat transfer mechanism may be considered as
follows; for the appropriate optical radius 7,
fine particles in the central part, which absorb
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radiation, increase the surrounding fluid tem-
perature. In single phase flow of a gas, even
radiating gas the absorption coefficient is
generally small, so that it is required to increase
the optical length by pressurizing the gas or
enlarging the hydraulic radius in order to get the
high heat transfer coefficient for radiation, which
yields increased power for the circulation of the
medium. Since the channel dimension must be
minimized for practical facilities such as nuclear
reactor, heat exchanger and so on, it is rather
difficult to improve the radiative heat transfer
characteristics by single phase flow of gas.
Actvally though the infrared-inactive gases
(such as He, N,, etc.) have been frequently used
because of the stable nature at high temperature
they cannot contribute to thermal radiative
heat transfer even at high temperature. How-
ever, it is easy to vary the optical thickness in a
suspension flow system by varying the loading
ratio (mass flow of fine particles to the carrier
fluid), the mean size of particles with the same
loading ratio, or the kind of particle materials
(surface emissivity of particle: ¢,) without the
changes of pressure and pipe radius, and these
facts stimulate the practical applications eventu-
ally.

In this paper an analysis has been carried out
on pipe flow of practical importance corres-
ponding to our experimental work now under
preparation. Besides as the similarity between
radiative and convective transports is not valid
one cannot immediately deduce the heat transfer
result in a circular tube from that between flat
plates. Additionally the analytical difficuity of

FiG. 1. Cylindrical coordinate system.
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the derivation of radiative heat flux restricts the
applicable range of parameters in numerical
calculations. The numerical results obtained
with pipe flow are substantially rather different
from those of flow between parallel flat plates.
Alternatively the interaction effect of thermal
radiation with convective heat transfer has been
examined briefly.

2. THEORETICAL ANALYSIS

2.1 Description of the problem

An analytical model employed here is shown
in Fig. 1, where the coupled radiative and
laminar-convective heat transfer by a gaseous
suspension of fine particles in the entrance region
of a pipe is considered. The basic assumptions
needed for the analysis are as follows.
(i) The pipe wall is isothermal (T,, = const) and
black for thermal radiation.
(ii) The flow field for both phases is fully deve-
loped and has a laminar (parabolic) velocity
distribution at the pipe inlet. Both particles and
fluid are at the same temperature at the inlet.
(iii) The physical properties (such as p, ¢, p, k
etc.) are constant.
(iv) The particles are spheres of uniform size and
the thermal conductivity of which is large
enough to neglect radial variation of temperature
within the sphere.
(v) Theparticlesareuniformlydispersed through-
out the pipe cross section, and emit and absorb
radiation as a grey medium in local thermo-
dynamic equilibrium, but do not scatter. The
gas is transparent for radiation.
(vi) The particles are sufficiently small and
numerous to be described as a continuum for
both radiation and hydrodynamics.
(vii) The presence of particles has no effect on
the velocity profile of the gas.
(viii) Agglomeration or chemical reaction of
particles is not considered.
(ix) The energy transports by collisions among
particles or with the wall are negligible com-
pared with those by conduction, radiation etc.
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2.2 The basic equations and their numerical
method

On the assumption that the solid particles are
sufficiently small and numerous to be described
as a continuum and the flow field is a fully deve-
loped (parabolic) laminar flow (but the mean
velocities of the fluid and particles are not always
equal), a heat balance in pipe flow yields the
basic equations governing the temperature field.
For the gaseous phase

oT,
crpstir 5L + molA T — T)

1o (0T,
—@;5653 @
and for the dispersed phase

d
CoPaptp aT + nh A(T, ~ T)) = —divg®  (2)
where subscripts f and p correspond to the fluid
and particulate phases, respectively and dp
implies the dispersed phase. p;, which denotes
the apparent density of the dispersed phase is
assumed to be constant everywhere and related
to the density p, with the following equation.

dp = ppanp' (3)

Fig. 2. Geometrical configuration for radiative heat flux.

Let us consider the cylindrical coordinate
system in Fig. 2 to calculate the radiative heat
flux. Noting the view factor between (x, r, 0) and
(xy, r, @) and assuming the system under study
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to be in thermodynamic equilibrium, the diver-
gence of the radiative flux vector becomes

+w 21
~divg®=«xJ | [ e ™R ~ rcos )
- 0
R + o0 2n
d‘de J.Brl Jj ~r(s)d dr 1dx1
4] —x O
—4nk B 4)

where from Fig. 2 the distance s is given by
s={(x; —xP* +r*+r? - 2rr cos g}t (5)

s,, denotes the value of s when r, = R. In the
derivation of equation (4), the radiative heat
flux is approximated by one dimensional as is
widely used in radiation problems, based on the
assumption that radiative heat transfer in the
axial direction can be neglected in comparison
with radial radiative heat transfer

% 12 gty

ox rd
J is the radiation intensity at the wall, B is the
Planck function and r(s) is the optical thickness

defined by (s) = | x(s,)ds;. From geometrical

0
consideration x is given by the cross section of
particle for radiation

2
K=n (sz )npe,,, (6)

The velocity profiles which are assumed to be
equal for both fluid and particles are given by,

_ W _ ¥ 5| (rY
v-g-t -] o

For brevity the boundary conditions are taken
as follows

r=R:T,=T =T,
0: 8T,/or = 0T, /or =0 (8)
x=0:T,=T,=T,

Strictly speaking, however, the temperature
discontinuity between the heating wall and the
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dispersed phase has to be examined due to the
absence of the conduction term in equation (2).
The results obtained with conditions equation
(8) underestimate the temperature gradients in
the vicinity of the wall compared with those
obtained with the so-called “Radiation slip™
condition [5], so that the heat transfer char-
acteristics are also underestimated. Transform-
ing equation (4) according to Heaslet and
Warming [6] and introducing the following
dimensionless variables, equations (1) and (2)
are rewritten.

41}

20,
I - =2 +Ndxdp€p(ep

a¢ =0

1

4
= —-H(‘Co )6, + N sK(To'h TNy O dny

- N, &G ©
2,99, 41(2,
190 06,
= |p—= 10
non (n 6n) 19
where
H(zon) = f K 1('50}’)10(70’?}’)—; {1y
1
K(ton, tony) = [ Ko(tony) o(zon y)dy
1
(forn > n,) (12)

= f Ko(ton yM o(tony)dy
1

{for n, > n).

I, and K, are modified Bessel function of the
first and second kind of n-th order, respectively.

— pdpugm (13)
Prlrm
Nud = Mg (14)
kf
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7o = KR (15)
r= ”%‘}% (16)
Ng= ::1}3 (17

y is called the loading ratio and denotes the mass
flow ratio of particles to the fluid. I" designates
the flowing heat capacity ratio of two phases
and it is tentatively defined as the ‘“‘thermal
loading ratio™. y is a convenient parameter in
hydrodynamical suspension flow systems such
as particulate conveyance etc., while I' is rather
convenient in heat transfer problems. The
numerical value of c,/c, of many important
materials, in practice, is of (1), so it may be often
reasonable to put y =~ I Nu; is the Nusselt
number based on the diameter of particle and
represents the heat transfer characteristics be-
tween a particle and the surrounding gas, which
is influenced by many factors such as flow
regime (laminar or turbulent flow), the
occurrence of phase shifts and external forces
(such as electromagnetic or sound wave field).
But Nu, approaches to the limited value 2
asymptotically as the relative velgcity between
two phases diminishes provided that phase
shifts and external forces do not exist. Ng and 1,
are the dimensionless parameters which denote
the heat transfer ratio of conduction to radiation
and the optical radius, respectively. The bound-
ary conditions are rewritten as the following
dimensionless forms.

n=1:0,=0,=86,

P
n=028_0_,

on  on
{=0:0,=0,=0,.

Equations (9) and (10) constitute simultaneous
integrodifferential equations with high order of
nonlinearity and it seems to be difficult to get
analytical solutions. The form of basic equations
is all the same as that of flow between parallel
flat plates discussed in the former report [1]

(18)
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except the differences of radiative heat flux and
conduction term due to the use of the cylindri-
cal coordinate system. Therefore regarding
equations (9) and (10) as parabolic partial
differential equation or its modified form, we
calculate them numerically as the progressive
type of problems by using the implicit finite
difference method. Considering the equally
spaced lattices in the radial direction as illus-
trated in Fig. 3 and assuming the i-surface

(m=1)
el Wall
n
n-|
, |
| |
Jjt2
J/+1 @ Known
/
J=i O Unknown
j=2 An
A
|
3
2
| - - Center
(p=0) / /4|

Fi1G. 3. Lattices of finite difference.

temperature to be known and the (i + 1)- surface
temperature unknown, the derivatives in
equations (9) and (10) can be then expressed by
the following finite difference approximations.

08, Oy, —OF; )
P A¢
a0, 6l.,,—6f;
% A¢ L (19)
g_ei = 9{+1,j+1 - eif+1,j—l
on 2An

azef _ 91f+ 1,j+1 — 20{+ 1,j + 6{+1,j—1

aﬂz Anz v

The substitution of (19) into (10), the approxima-
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tion of integrals by trapezoidal formula and the
replacement of 6f,,; in integral terms of
radiative heat flux in (9) with 6F; as the O-th
order approximation yield,

;) Ozp+1,j -

oF;
It —un; AZ + M(OF,, ; -

0/, 1)

4

———H(to J)04 —-—[K(Tofl_,,To'h)’h i j
R

Nz N

+ K(tofj Tofln+ 1) M+ 1 f.’: 1

-1 .
+2 Z K(tonj» ToMme) Mk 0

+2 % Koty tom) m 0] - —°9f, (20)
k=j+1
2 0{+1 i 9ifj
a0 —n)—5—+ M(Oif+1,j - 08,
Al
_ 0l 1, je1 — 29{“,,‘ + 00,151
An?
+L0if+1,j+1'—0if+1,j—l 1)
2n; An

where M is the dimensionless parameter which
denotes the heat transfer characteristics between
particles and the surrounding fluid

nA R _
d

p

4 2
M = Nu, 0

45d £p
2 2
WP r/Pp)ep

n, and 7, ., in equation (20) are equal to zero
and unity respectively. Since equations (20) and
(21) yield first order simultaneous equations of
2n-dimensions (8/,, ; 07,, ;; j =1 ~ n) with
the same number of unknowns at the arbitrary
cross section (i + 1), one can get solutions
immediately. After obtaining 6/, , 67,, ; ( =
1 ~ n), these values are again substituted for
67, (i = 1 ~ n) on the right side of (21) as the
1-st order approximation. Then the similar
computations are performed repeatedly until
the prescribed convergence is satisfied. Advanc-
ing ¢ to the next step & + A¢, the similar

22)
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iterative calculations are repeated. For actual
calculation 7 is divided into 25 equally spaced
intervals and the lattice interval along ¢ is so
selected that the convergence can be satisfied
with several iterations. In all calculations the
convergent condition is given by the following
inequality.

60, — 81 < 0001 23)

where the superscript k in the parenthesis
denotes the k-th order approximation. The
ranges of dimensionless parameters covered
here are as follows

[ =01 - 100
M=0-4x 10°

Ng = 0001 — o0 24)
1 = 10 — 3-0.

3. DISCUSSIONS AND RESULTS

3.1 Dimensionless parameter

Before examining the temperature profiles, a
brief elucidation will be added to the group of
parameters & Ny, 1o, I’ M introduced here

X (x/R)By Ng

¢

~ RRePr T,
46T3
B, = _297»_ . Boltzmann number) (25)
PeUmCy
KR,
) (26)
o R
T = KR =] —¢,}{ — 27
Fo PabenCs _ S
PrumCr €'
(’y = Mﬂ) (28)
Prlpm
4 2
M = Nu,—2_. (29)
Kd, ¢,

& prescribes the ratio of the distance from the
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inlet normalized by radius R to the Péclét
number of a carrier fluid as immediately found
from (25) and is related to the Boltzmann
number which designates the heat transfer ratio
of radiation to convection, provided that R,
Nz, 7o, €tc. are determined. N which represents
the heat transfer ratio of conduction to radiation
as known well, reduces to pure convective heat
transfer when Ny — oo and the radiation con-
tribution predominates as N becomes smaller.
However, since k of a radiating gas is the physical
property, the variation of Ny corresponds to that
of the wall temperature while in a suspension
flow system it should be necessary to note that
k could be artificially varied to wide extent with
the diameter of particle and the concentration
of it, as given in equation (6). Similarly it is easy
to vary 1, extensively in proportion to y and
inverse proportion to d, without varying the
channel dimension (R = const), and these two
parameters have strong effects on the whole
heat transfer characteristics in the radiation
coupled problems as described in details in the
next section. It is very important for practical
applications that Ny, 7, in a suspension flow
system can be set to the prescribed values only
by changing operation conditions in a practical
apparatus, It is proved theoretically that the
heat transfer characteristics for a radiating gas
could be improved by varying Ng, 7, but
which is not practical. The meaning of thermal
loading ratio (or loading ratio) in equation (28)
is clear, however, it is not always required that
the mean velocity of two phases should be equal
and this is concerned with Nu, included in M.
Since it is assumed that the velocity distributions
of two phases are same, the relative velocity
becomes zero only in case of u,, = u.,, and
then Nu, reduces to 2.

Actually there exists a certain correlation
between u,,,/u, and I' (or y) and qualitatively
the former tends to decrease as the latter in-
creases. Nu; may be determined uniquely in
laminar flow provided that I'(d,) or u,/u,, is
given. Since the current analysis does not take
into account of the various behaviors of fine
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particles, the results shown here are obtained
by varying I’ and M independently. Finally M
depends on the total area of fine particles in unit
volume as found from the coefficients of
|T, — T,| in equations (1) and (2) as well as Nu,
which indicates the heat transfer characteristics
between two phases and M is related to y and
d, In addition, Nu, is influenced by various
body forces acting on particles (electromagnetic
or sound-wave field etc.) other than u,,/u,. In
turbulent flow many factors have complicated
effects on Nu,.

3.2 Temperature profiles
The typical results of the temperature profiles
calculated here are illustrated in Figs. 4-8. The

M=4x10°
N 00l
8s05

Particte

FiG. 4. Temperature profiles vs. (1, — )/, (effect of &).

ordinate and the abscissa are normalized to be
O = (6 — 05)/(0,, — 0o} (1o — 1)/7o by using
dimensionless temperatures and optical thick-
nesses respectively and the solid and dotted
curves correspond to the dispersed and fluid
phases, respectively. The pronounced features
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F1G. 5(a). Temperature profiles vs. (15 — t)/7, (effect of Np).
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F1G. 5(b). Temperature profiles vs. (1o ~ 7)/7, (effect of Ng).
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F1G. 5(c). Temperature profiles vs. (to — 7)/7, (effect of Ng).
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FIG. 6(a). Temperature profiles vs. (1, — 1)/7, (effect of zy).

| | |
§=00004
=t-0
M= 4x10°
N =00l
6,05
——Particle
——--Gas

=30
720
710
=05

o4 06 08 10

06

04

I i ]
£20-002
T'=10
M=4x10°
N 0-0l
§=05

— Particle
-—- Gas —

=20
=10
7205

04 06 o8 -0
T,—T
T

o

£=0-002
7=1-0
M=4x10°
N 00l
6205
Particle

——— Gas

2603

Fi1G. 6(b). Temperature profiles vs. (1, — 1)/7, (effect of 7).

FiG. 7. Temperature profiles vs. (1, — 1)/1, (effect of I').
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FiG. 8. Temperature profiles vs. (t, — 1)/7, (effect of M).

on the temperature profiles are as follows; in the
vicinity of the heating wall the temperature
gradient becomes steeper for the presence of
fine particles while in the central core of a pipe
the fluid temperature is lifted by the heat
transfer from fine particles which absorb thermal
radiation, similar to the previous report. The
temperature profiles have two inflection points
at relatively large £, and for extremely small Ny
even though £ is not so large. Such a tendency is
ambiguous in flow between parallel flat plates
which qualitatively has the analogous tempera-
ture profile to that of single phase flow of a
radiating gas [7]. However the large difference
from the single phase flow is that the temperature
gradient becomes steeper in the vicinity of the
heating wall.

Figure 4 illustrates the variation of the
temperature profiles with parameter £ It is a
matter of course that the general features
discussed above appear in Fig. 4. The tempera-
ture difference between fluid and particulate
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phases in the center part of a pipe varies only a
little with &, while in the vicinity of the wall (in
this region 6 > 0°) the smaller ¢ becomes, the
larger its difference becomes, and the location
where both temperatures become equal is
almost invariable. As understood by considering
the temperature profiles in connection with the
radiation heat transfer mechanism, the tem-
peratures in the center core of a pipe increase
constantly in spite of the absence of their
gradients. This point i1s considerably different
from the temperature development by the
ordinary convective heat transfer. In other
words, the energy transport in convective heat
transfer is determined by the temperature
gradient inside the fluid, on the contrary in
radiative heat transfer it depends on the absorp-
tion property of the medium and the temperature
profiles are determined as a consequence of
absorption behavior for radiation. Thus the
thermal radiation energy, which penetrates into
the central core, elevates the fluid and particle
temperatures. Figures 5(a)-(c) which correspond
to ¢ = 0-0004, 0-001 and 0-01, respectively illu-
strate the effects of parameter Ng on the tem-
perature profiles. The temperature differences
exist at small & (near the inlet or for large Re-Pr)
even though the radiation effect is sufficiently
small (such as Nz = 0-1) but diminish rapidly
with increasing £. In the case Ng = 0-001 where
radiative heat transfer is pronouncedly pre-
dominated the considerably large temperature
differences are produced and only particles
compared with fluid are considerably heated, so
that this is not appropriate from the view-point
of effective heating of the fluid. The fluid tem-
peratures are higher than those of particles up
to the center of a pipe for large Ny (and even for
small Ng (Ng = 0-001) only in the close vicinity
of the wall), however the location where both
temperatures become equal approaches gradu-
ally to the heating wall as Ny decreases: These
tendencies are prevalent for the different values
of parameters such as 7, I’ and M. The variation
of the temperature profiles with optical radius
1o is given in Fig. 6. Since the radiative heat
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transfer characteristics considerably depend on
the absorption property of the medium and 7,
can be varied comparatively with ease in a
suspension flow system as mentioned above,
the examination of the effects of 7, on the tem-
perature profiles is of great importance. Qualit-
atively speaking the radiation energy penetrates
into the medium in case of small 7, even though
the wall is kept at high temperature and emits
radiation intensively, while in case of extremely
large 7, it can not penetrate into the centrai core,
so that the mixed mean temperature may not be
elevated.

The temperature of 7, = 3 is highest in the
range of the abscissa from 0 to 0-4 in Fig. 6(a),
but is lower than that of T, = 2 above this value
and for (g — 1)/7 > 5 it is further lower than
that of 1, = 1. In Fig. 6(b) the temperature at
the central core increases for the optical radius
To Up to unity but when 7, = 2 the temperature
rises remarkably in the vicinity of the wall,
while the temperature in the central part is
rather lower. Although such a tendency analog-
ous to this is recognized in case of flow between
parallel flat plates, the quantitative effect of 7,
differs considerably. This is due to the fact that
radiative heat transfer depends on geometrical
configuration and that the similarity with con-
vective heat transfer can not be realized. Con-
sequently the optimum value of 7, seems to
exist under the fixed conditions of other dimen-
sionless parameters according to the individual
heat transfer problems.

Figure 7 displays the variation of the tem-
perature profiles with thermal loading ratio I'.
Here dimensionless parameters such as 7, etc.
are kept constant and the first factor on the
right side of equation (27) may be fixed provided
that the kind of particle materials is determined.
Therefore the condition of heavy loading ratio I’
(or 7) under the constant optical depth z, can be
achieved by the employment of large particles
(large d,).

Reference to Fig. 7 reveals that the tempera-
ture differences between two phases decrease as
the thermal loading ratio I' increases and
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diminish at about I' = 10 even though radiation
is considerably predominated (Ng = 0-01).

For large I' the development of the tempera-
ture field is decelerated by the large heat
capacity of flowing suspensions and as a result
thermal entry lengths are prolonged. Such a
phenomenon can be easily predicted by the
reason that the dispersed phase occupies the
large part of heat capacity of flowing media
when the thermal loading ratio I' is large, there-
fore its temperature field also dominates the
fluid temperature.

Figure 8 illustrates the variation of the tem-
perature profiles with parameter M which
denotes the heat transfer characteristics between
two phases. The value of M = 4 x 10* cor-
responds to the case of Nu, = 2 for d, = 10p.
The Nusselt number Nu, is of 0(1) when flow is
laminar and the relative velocity is not so large.
Nu, ~ 0(10%) which belongs to the turbulent
regime is introduced here hypothetically. When
M = 40 (which corresponds to large d, because
Nu, = 2) the temperature differences between
two phases are considerable but diminish when
M = 4 x 10°. The mixed mean temperatures of
flowing suspensions are almost equal irrespective
of M. At extremely high temperature the tempera-
ture differences are still considerable even for
large M and so are they for extremely small I'.
In such a case it should be necessary to increase
M artificially and improve the heat transfer from
particles to a carrier gas by introducing the
electromagnetic field exerted on electrically
charge particles or the ultrasonic wave field
and so on.

3.3 Heat transfer results

The total, convective and radiative heat
fluxes at the wall and the local Nusselt number
are defined as follows.

Giotal = Yconv + Grad (30)

R ae,)
conv' T T \ Al (31)
9 k_fTw (5?1 n=1
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[4]
where
dy
F(zo) = K1(“0Y”1('¢0Y)F (32a)
1
Nug — h§2R — Q(ota|2R
k; kT, — T,)
- Nu{,cunv + Nu.ﬁ,rad (33)
and Nu; .on and Nu, 4 are given by
Nu{,conv = qconv' 2R/kf(Tw - Tm) (34)
Nu{.rad = (rad’ 2R/kf(Tw - Tm) (35)

The dimensionless mixed mean temperatures of
the fluid, dispersed and both phases are

1
0 m ([ Ul dn/ f Un dn (36)
1
Opm = (f) Ub,ndn/ [ Undy (37)
1
[9,-}-1‘9 Undn/(1+I‘)(Undn (38)
respectively.
Equations (34) and (35) can be then rewritten.
00
Nu conv — 2 __f> / gw -0
[ (ar’ =1 ( m)
1'.2
Nug raa = 2<_0 F(zo)0% (39)
> NR

1

3
No—je‘t'hH(To'h)dﬂ> /0y, — 0,).
R
0
Taking notice of the heat transfer from the wall

to the carrier fluid and employing 0, instead
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of 6, in
number

a0,
Nu, conv =2 A_)
& (6’7 n=1

Equations (39) and (40) do not differ from each
other practically when Ny is larger than about
0-01 but they often differ considerably in case of
Ng = 0001 (extremely high temperature) or
extremely small I'. Although both (39) and (40)
do not precisely express the heat transfer
characteristics to the carrier fluid, one can dis-
cuss them by examining these two parameters.
Figure 9 illustrates the relations between Nué,
Nuy .ony and ¢ for the typical values of para-
meters t,, Ng and I'. The qualitative tendency
is analogous to the case of flow between parallel
flat plates; that is, Nu, decreases to a certain
minimum and turns to increase beyond this
point. This behavior implies that there exists no
asymptotic Nusselt number, in other words, the
temperature field can not be fully developed
even in a down stream. It may be very interesting
to consider this in connection with the con-
figurations of the temperature profiles shown in
Fig. 4. Nu, rapidly increases and the minimum
of it moves toward small £ as Nz becomes
smaller, because the temperature field develops
rapidly with decreasing N,. However Nu; o5,
rather decreases in the range of small £ The
effect of 7, is also considerable and similar to
that of Ng, but there is almost no difference
between the results of 1, = 2 and 74 = 3. The
increasing rates of the mixed mean temperatures
against ¢ in Fig. 10 do not appreciably differ
from each other. The effects of I" are almost in-
variable on Nu; in the wide range of I' from (-1
to 10, but vary considerably on Nu; .oq,-
Figure 10 illustrates the variation of the mixed
mean temperatures with parameter £. A dotted
curve denotes single phase flow. Curves 1, 2 and
9 are lower than or almost equal to that of single
phase flow because in case of curves 1, 2 the
heat capacities of flowing media are twice as
large as that of single gaseous phase flow and
that the radiation effect is small (Ng = 0-1) or

(39). One gets the another Nusselt

A6, + 0.,). (40)
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zero (Nz = o), while in case of curve 9 the heat
capacity is eleven times, though radiation is
considerably strong (Ng = 0-01). The tempera-
ture rises for various Ny, 1, are also found from

bers Nu,, Nu, ., vs. &

Fig. 10. It may be necessary to examine the heat
transfer characteristics in Fig. 9 together with
the increasing rates of the mixed mean tem-
peratures in Fig. 10 in the radiative heat transfer
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by flowing suspensions. The suspension flow
system can be utilized to various kinds of applica-
tions with particular objective so that it is hard
to derive the prevalent parameters which evalu-
ate the heat transfer characteristics throughout
these problems. In consequence one has to
evaluate the heat transfer by examining the
detailed heat transport mechanism for the
particular purposes.

3.4 Inreraction effects of radiative heat transfer

There may exist several procedures in order
to estimate the interaction effects of radiation in
a suspension flow system. As first procedure one
can evalutate the heat transfer characteristics of
the multiphase flow by comparing with that of
the analytical results obtained with the hypo-
thetical system where there is no heat exchange
between two phases, from the view-point that
fine particles and the carrier fluid are responsible
for radiative and convective heat transfer,

RYOZO ECHIGO, SHU HASEGAWA and HIROSHI TAMEHIRO

respectively. Secondly following to single phase
flow of a radiating gas one can also discuss the
interaction effects by examining the difference
between the simple addition of radiative and
convective heat transfer and the results taking
into account of the interaction effects. Finally
there exists a procedure to examine the effects
of various parameters on Nu, ., by taking
notice of the heat transfer to the fluid and con-
sidering fine particles as merely the augmenta-
tion device for heat transfer. The final procedure
is employed here. Figure 11 illustrates the effects
of parameter N The curve Ny = oo, which
implies that the mass flow is twice as large as
that of single phase flow (I" = 1) shows such
effects that Nu, ., increases by 20 per cent
compared with Nu, ;... and is almost constant
independently of £. When Ng = 01, Nu, o0, 18
almost equal to Nu, 4 and the radiation effects
on convective heat transfer is small as is shown
in Fig. 9. However Nu; ., becomes larger

3.0
1 T
| T {2“_0 I I I
ok =1-0 /]
20 M= 4x10°
E ' 90 =Q-5
-] <
- 1-0 <o
wi w Y -1
22 o8- \ N oo .
. N0l ]
os Np= 00l
04 | | i1 Ne=Q-001 1| i [
2x0-+ 4 6 8 i073 2 4 6 8 10° 2
3
FiG. 11. Interaction effect of radiation (effect of Ny).
3.0

06 T=t0 Np' 0-0l s d
=01 M=ax|0
04 R 8=05 | | | |
2x10™* 4 6 8 i07° 2 4 6 8 107° -4
3

FiG. 12. Interaction effect of radiation {effect of I'}.
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that that of Ny = oo as £ increases. This implies
that the relative role of radiative heat transfer,
which is independent of the flow field, increases
since Nu, ., decreases in a down-stream when
RePr is fixed, while when x/R is fixed since
convective heat transfer coefficient decreases due
to the decrease of RePr. Accordingly the inter-
action effect on convective heat transfer by
radiation increases as the radiation contribution
increases or Ny becomes smaller and Nu, .,
with radiation exceeds that of Ny = oo without
radiation at certain &. At extremely high tem-
perature (N = 0-001) convective heat transfer
may be neglected compared with radiative heat
transfer and reduces to about half of that in
case of Ng = o0 in the range of small ¢ but
thereafter tends to increase rapidly (Nuy .on, at
large ¢ is not calculated here). One can deduce
from this fact that Nu, ., may become con-
siderably large at large ¢ and thus radiation has
a strong effect on convective heat transfer over
the entire range of £. Figure 12 displays the
variation of the ratio of Nu; ..n, t0 Nty gingic
with ¢ when radiation is rather strong (Ng =
0-01). For large I' it considerably influences
convective heat transfer but its effect is almost
constant for all & This is understood by con-
sidering that convective heat transfer does not
change with the axial locations and the flow
velocity because the major amount of heat
transferred by radiation is stored in fine particles.
Such a heat transfer route as ‘“‘radiation — fine
particles — fluid” becomes predominant as I
decreases, so that convective heat transfer is
influenced considerably.

4. CONCLUSIONS

In the current paper an analysis has been
performed on the coupled radiation and laminar
convective heat transfer by flowing suspensions
at high or extremely high temperatures, and the
various effects of parameters on the temperature
and the heat transfer characteristics have been
discussed in some details. The important con-
clusions obtained here are as follows; (1) The
coupled radiation and laminar convective heat
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transfer in a pipe by flowing suspensions
remarkably improves the heat transfer charac-
teristics; that is, the temperature gradient
becomes steeper by the presence of particles in
the vicinity of the wall, while in the central core
of a pipe the temperature is elevated by thermal
radiation.

(2) The results obtained here are considerably
different from those of flow between parallel
flat plates both quantitatively and qualitatively
since radiative heat transfer depends on geo-
metrical configuration and that the similarity
between convective and radiative heat transfer
is not valid in this system.

(3) There is no fully developed profile in the
temperature field even in a downstream; that is,
the Nusselt number decreases to a certain mini-
mum and thereafter tends to increase as ¢&
increases. Additionally the temperature profile
deviates from that of ordinary convective heat
transfer. These behaviors are considered to be
connected with each other.

(4) Radiative heat transfer can not be improved
for small 7,, on the contrary for excessive large
7, it becomes uneffective since radiation can not
penetrate into the central core. Accordingly
there exists the optimum value of 74, which also
influences other parameters. Being different
from single phase flow of a radiating gas it is
relatively easy to change 7, in a suspension flow
system.

(5) In a suspension flow system several methods
are thought to estimate the interaction effect of
radiation. The heat transfer mechanism has been
clarified by evaluating the effect on convective
heat transfer.

(6) In a suspension flow system many applica-
tions are considered in its use, so that it should
be necessary to examine the heat transfer
mechanism by taking into account not only of
the heat transfer characteristics but also of the
mixed mean temperature.
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RAYONNEMENT THERMIQUE PAR UN MILIEU MULTIPHASIQUE EN
ECOULEMENT-II. ETUDE DU TRANSFERT THERMIQUE D'UN ECOULEMENT
LAMINAIRE DANS LA REGION D’ENTREE D’'UN TUBE CIRCULAIRE

Résumé- On a conduit I'étude du rayonnement thermique par des suspensions de fines particules solides
et (ou) liquides entrainées par un gaz dans la section d’entrée d’un tube circulaire.

L’examen des profils de température obtenus pour les deux phases et des paramétres de transfert
thermique montre que le milieu multiphasique est sensible au transfert thermique a des températures
élevées ou extrément hautes a cause de ’absorption du rayonnement par la phase dispersée. Les résuitats
sont résumés pour de grands domaines de variation des parameétres tels que le rapport de charge, les
caractéristiques de transfert thermique entre les deux phases, 'épaisseur optique du conduit, le paramétre
d’interaction de la conduction avec le rayonnement, etc. . . . Les interactions entre la convection et le

rayonnement sont étudiées en détail.

WARMEUBERTRAGUNG DURCH STRAHLUNG BEI EINEM FLIESSENDEM
VIELPHASEN-MEDIUM. TEIL H: EINE UNTERSUCHUNG DES WARMEUBERGANGS
BEI LAMINARER STROMUNG IM EINTRITTSGEBIET EINER

KREISFORMIGEN ROHRE

Zusammenfassung— Untersucht wurde der Wirmeiibergang mit Temperaturstrahlung bei fliessenden
gasformigen Suspensionen von festen und/oder flissigen kleinen Teilchen im Eintrittsgebiet einer kreis-
formigen Réhre. Die Sichtung der Ergebnisse fiir die Temperaturprofile bei den Phasen und den Wirme-
iibergangskoeffizienten zeigt, dass das Vielphasenmedium fiir die Wirmeiibertragung bei hohen und sehr
hohen Temperaturen geeignet ist, wegen der Absorption von Temperaturstrahlung durch die dispergierte
Phase. Die Ergebnisse sind fiir einen grossen Bereich von Parametern zusammengefasst wie Beladung
mit Teilchen, Warmeiibergangskoeffizient zwischen zwei Phasen, optische Dicke der Leitung, Wechsel-
wirkungsparameter der Leitung mit der Strahiung u.s.w.

Anschliessend werden die Wechselwirkungen zwischen der Konvektion in der Fliissigkeit und der

Strahlung ausfiihrlich behandelt.

AVUUCTBIN HEPEHOC 1TPU TEYEHNAY MHOTO®ASHON CPELbI

HACTH 2. Axanus tennoo0MeHA B TaMUHAPHOM JIOTOKe HA BXOJHOM YHACTKe Kpyraoi
TpyOBl

Aunorapusi—IIpoBexeH anajus JIyYHCTOTO liepeHoca Tellla lIpM TeYeHuM rasoBsbeceil ¢
TBEPALIMH It HIIKIME MEJKUMH YacTHIIAMU BO BXOJHOM y4YacTke KpyraoHd TpyOul. Anamns
M3MepPEeHHBIX pacnpefeseHuii TeMneparypsl ofenx das M napameTpoB TenI00OMEHa HOKa3hI-
Baer, 4To MHorodasHad cpejxa NpPUroONHA JJA TenjnooGMeHa NMPU BBHICOKMX U CBePXBBICOKMX
Temieparypax Oaaropapa alcopOUMOHHEIM CBONRCTBAM AMCTIEPTMPOBAHHON (asnt Npu Tenuo-
poit paguanuy. Pesynbrarsi ofofIMARTCA JJd ILUHPOKOre JUana3oHa TAKMX 1apaMerpos,
KAaK OTHOCHTEJIbHHE KOHIEHTDAUH, XapakTepUCTRRY TenaoolMeHa Meway AByma dasamu,
onTHYeCKAA ToAWMHA TpVvORI, TapaMerp B3aUMOAeHCTBHA M3NyYeHMA W TENIONDOBOLHOCTH
1 1.1 BaranMogefioTsie KOHBEKITHH U HAJVYEHNA UCClefoBaHn (ojee jeTaibHO,



