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Abstract— Probabilistic multiphase flow equations are used to analyse heat transfer between a pipe wall

and a gas-solids suspension flowing inside. This analysis shows that, in the same way as self-similar

concentration and velocity profiles are solutions to the hydrodynamic equations for dilute suspensions,

self-similar temperature profiles constitute solutions to the energy equations. These solutions, in turn, allow

the derivation of the general form of the variation in suspension heat transfer coefficient as a function of

solids loading in gas-solids suspension flows. The predicted variation is consistent with experimental data
available in the literature.

1. INTRODUCTION

INTEREST in the heat transfer behaviour of flowing
gas—solids suspensions originated in the 1950s when
graphite suspensions were being considered for use as
cooling media in nuclear reactors. The early work
done in this area consisted of developing correlations
between the suspension-to-wall heat transfer co-
efficients and suspension properties. As applications
grew to include transport reactors and circulating
fluid beds, experimental studies continued and early
attempts at providing a theoretical foundation for
the understanding of gas—solids heat transfer were
advanced. One of the difficulties encountered in devel-
oping both generalized correlations and consistent
theoretical approaches to this problem was a curious
observation of how heat transfer coefficients varied
with solids loading ratio: in some cases, coeflicients
increased monotonically with loading ratio ; in others,
coefficients decreased initially as solids were added to
the flowing gas stream and then increased after pass-
ing through a minimum; in still other cases, the
decrease with loading ratio was monotonic.

The probabilistic multiphase flow equations [1]
were developed in order to provide a rigorous theor-
etical framework for the understanding of gas—solids
suspension hydrodynamics and heat transfer. In an
earlier paper [2], these equations were applied to the
hydrodynamics of dilute, fully developed, vertically
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flowing suspensions. This analysis led to the identi-
fication of a ‘similar profiles’ flow regime where
solids velocity and concentration profiles are self-simi-
lar. This, in turn, explained certain characteristics of
the pressure drop behaviour of vertically flowing sus-
pensions. In this paper, the properties of the tem-
perature fields in the similar profiles regime will be
examined and a general heat transfer equation de-
scribing the variations of the wall-to-suspension heat
transfer coefficient with the loading ratio will be
derived.

2. PREVIOUS WORK

The earliest published study on heat transfer be-
tween flowing gas—solids suspensions and pipe walls
is that of Farbar and Morley [3]. These authors
studied 50 um catalyst particles and found the ratio
of suspension heat transfer coefficient over that of the
gas alone flowing at the same superficial gas velocity
varied with the solids loading ratio (W/W,) to the
0.45 power. Depew and Farbar [4] found that solids
had little effect on heat transfer coefficients for 200
um glass beads below loading ratios of 7. Using 30
um glass beads however, the same authors observed
there to be no effect on heat transfer coefficients up
to loading ratios of 0.5. Between 0.5 and 3.0 however,
heat transfer coefficients decreased followed by large
increase thereafter. This latter observation, whereby
coefticients pass through a minimum somewhere in
the range 0.5 < W /W, < 3.0 was later substantiated
by numerous workers in a wide variety of situations
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X axial coordinate [m]
Y defined by equation (51).

Greek symbols

o phase presence probability

r solids loading times heat capacity ratio
(equation (25))

€ velocity—temperature cofluctuation

vector fm K s™']

NOMENCLATURE
a.bh compound shape factors defined by 4 radial heat transfer fluxes defined by
equation (50) equations (27) and (28) (Wm ™7
C heat capacity [J kg™ 'K ] 0 temperature difference [K]
f reduced concentration profile /. thermal conductivity [Wm 'K ']
G velocity defined in equation (17) A dimensionless shape factors defined by
[ms '] equations (45) and (46)
h heat transfer coefficient [Wm ™ *K '] p phase density [kgm ]
K axial temperature gradient [K m '] 1) heat flux [Wm 7).
o order of magnitude
o rate of heat transfer per unit volume of Subscripts
suspension [Wm 7] f fluid phase
r radial coordinate [m] i,j  tensor notation
R pipe radius [m] I interfacial mean
t time [s] m mixture
T temperature [K] Mm mixed mean (for suspension temperaturc)
U superficial gas velocity [ms™ '] p phase p
V. velocity [ms™] $ solids phase
W mass flow rate [kgs '] w at the pipe wall.

Superscripts
f fluid phase
1 interfacial mean
p phase p
8 solids phase
0 reference flow
I perturbation flow
mean.

(e.g. refs. [5-9]). There are exceptions to be found
however in the works of Danziger [10] who found
monotonic increases as a function of loading ratio for
cracking catalyst suspensions. Kim and Seader [11]
found monotonic decreases in coefficients as a func-
tion of loading ratio at high Reynolds numbers ; they
found constant coefficients at Reynolds nymbers
below 23 000.

Many intuitive explanations have been put forth
for this apparently inconsistent behaviour: particles
are said to thin the viscous sub-layer in cases where
coefficients increase ; particles are said to dampen tur-
bulent diffusive exchanges in cases where coefficients
fall. One of the few attempts to treat this problem
theoretically for isothermal pipe walls was by Tien
[12] whose analysis succeeded in predicting that solids
have the effect of increasing thermal entry lengths and
therefore increasing overall coefficients in short pipes.
Tien’s equations were later used by Depew and Farbar
[4] for uniform wall heat fluxes. They managed
to predict the presence of a minimum at low solids
loading but predicted no change compared to the
coeflicient of the gas alone at higher loadings. Use
of Tien’s equations for fully developed flow required
making a large number of simplifying assumptions,
including uniform solids concentration profiles and
identical solids and gas velocities. The analysis by
Matsumoto et al. [13] differs from the preceding by

the attempt to take into account eddy diffusivity. A
recent alternative approach by Michaelides [14] con-
siders the suspension as a variable density, variable
heat capacity one-phase fluid. None of these attempts
have begun with rigorously derived multiphase flow
equations and all have been limited by simplifying
assumptions hampering their ability to predict the
general behaviour of heat transfer coefficients in
thermally fully developed gas—solids suspension flows.

3. THERMALLY FULLY DEVELOPED FLOW OF
A VERTICAL GAS-SOLIDS SUSPENSION

3.1. General equations

In an earlier work [l]. a probabilistic Eulerian
description of muitiphase flow was developed in order
to provide a rigorous mathematical description of
multiphase mixtures. According to this approach, the
presence and all physical quantities (i.e. immediate
Eulerian variables) of each phase are assumed to be
random variables governed by laws of probability
determined by the overall boundary conditions
imposed on the flow. A given phase p in the mixture
is then characterized by a probability of presence «,
and probabilistic mean Eulerian variables each of
them being defined as the expected value of the ran-
dom immediate Eulerian variable under consider-
ation. The general probabilistic multiphase flow equa-
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tions are written in terms of these ‘phase mean
variables’ which are identifiable to measurable quan-
tities in the flow.

When all the particles in the suspension have the
same physical properties (i.e. density p,, heat capacity
C,, thermal conductivity A,) regardless of their size or
shape, they can be regrouped in a unique solids phase.
The suspension can then be considered to be a two
phase mixture, one solids, one fluid. Each of the two
phases of the mixture has its specific continuity,
momentum and energy equations. The latter simplifies
slightly when the temperature levels in the system
are low enough so that radiation can be neglected
compared to convective heat transfer. Moreover,
when only moderate temperature differences exist in
the flow, the physical properties of the phases can be
considered as essentially constant. Finally, the work
done by the internal forces is generally negligible com-
pared to the power transferred to the suspension. The
energy equation of a phase p then simplifies to

¢ é
a0 (P2, CoT) + i [0, CAVET, +€M)]

o,

o[, @ A
:apﬁﬂuuﬁgaj+% (1

The divergence term in the LHS of equation (1)
accounts for the heat transported by the phase p. It
includes convective transport in terms of phase mean
variables (first term within parenthesis) and the
heat transported by the random movement of the
phase characterized by the velocity—temperature co-
fluctuation vector ¢,. The first term on the RHS (which
is also a divergence) represents the heat transferred
by conduction within the phase p; its complete
expression includes a term (second term within brack-
ets) depending on the ‘interfacial mean temperature’
of the phase. The latter is determined by the interfacial
jump conditions. Finally the last term @, in equation
(1) is the heat transferred to the interfacial surface of
the phase p per unit volume of suspension.

For a gas-solids two-phase mixture with negligible
radiation, the following holds:

Or=-0,=-¢ @)

since the heat received by the particles comes entirely
from the fluid. This jump condition results from the
fact that the particles cannot receive heat from the
walls or from other particles except by radiation, pro-
vided that the contacts of particle interfaces with rigid
surfaces are necessarily point contacts which would
require an infinite temperature gradient to give a non-
zero term in the phase mean equations [15]. Another
jump condition is the continuity of the temperatures
at a gas—particle interface. In terms of phase mean
variables it results in the following equation express-
ing the identity of the ‘interfacial mean’ tempera-
tures :

T'=T'=T, 3)
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An additional equation relates the probabilities of
presence of both phases:

o+ oA = 1. (4)

These phase presence probabilities have been shown
to be equivalent to the local volume fractions occupied
by the phases [15].

There is an obvious closure problem related with
the system made of the energy equations of both
phases together with the coupling equations (2)—(4).

3.2. Thermally fully developed flow

Consider a suspension flowing upward with con-
stant gas and solids flow rates in a rectilinear vertical
pipe of circular cross-section. If the thermal boundary
conditions are axisymmetric, the concentration, vel-
ocity and temperature fields of both phases will be
axisymmetric. Moreover, beyond a certain distance
downstream from the entrance the flow patterns are
identical in each cross-section of the pipe (i.e. inde-
pendent of the axial coordinate x). The latter situation
is called fully developed flow and has been character-
ized in a previous paper [2]. Molodtsof [15] proposed
the following definition for the thermally fully devel-
oped flow of a gas—solids suspension:

(i) the flow is steady and dynamically fully
developed ;

(i1) the shape of the transverse temperature profile
of each phase is independent of x; and

(iii) for each phase, the probability distribution
laws of the random temperatures about the phase
mean temperature are independent of x.

According to the first condition, the flow is one direc-
tional and the phase velocities as well as the phase
presence probabilities are functions of the radial coor-
dinate r only [2]. From the second condition, the
following equations can be derived for the fluid and
solids phases, respectively :

0i(r) = T, (x) = T'(x, 1) ®)
gh(r) = Tw(x) - Ts(xv r) (6)

where T,(x) is the wall temperature and the functions
0;and 0, represent the transverse temperature profiles.
A similar equation can be written for the ‘interfacial
mean temperature’ according to the third condition

0:(r) = T, (x) = T(x, ). (M

Finally the interphase heat transfer term Q is also a
function of r only as it follows from the third condition
above.

The energy equations derived from equation (1),
respectively, for the fluid and solids thus take the
following simplified form:

C v dr, N id .
PeCr) % Vg dx rdir(m'.gr)

1d d
= - )»r|:r a (ros0p) — 0, o;f] -0 ®
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where V;and V, denote the non-zero (namely, axial)
components of fluid and solids velocities, respectively.
In these equations, all the terms are independent of x.
The axial gradient of the wall temperature should.
therefore, be a constant. The physical significance of
this necessary condition will be seen below in the heat
balance.

3.3. Heat balance and interphase transfer

An overall heat balance equation can be derived by
adding equations (8) and (9), and integrating the sum
over the cross-section ; using the following boundary
conditions at the wall [15]:

2, =0 forr=R (10)
d
=0 forr=R (1
dr
8, =0 forr=R (12)
& =0 forr=R (13)

where R denotes the pipe radius. Equations (10) and
(11) signify that the wall is impenetrable and particle/
wall contact is limited to discrete points.
The integration leads to:
dT,
WG+ W.C) o = 2nRo., (14)
where, W, and W, denote, respectively, the fluid and

solids mass flowrates and ¢, represents the unit heat
flux provided by the wall to the suspension:

Oy = — i a,' forr=R. (15)
Equation (14) shows that meeting the necessary con-
dition for thermally fully developed flow, namely, that
there be a constant axial temperature gradient at the
wall, can only be accomplished if a uniform heat flux
is provided between the suspension and the wall.
According to equation (14), ¢, is a boundary con-
dition which determines the axial temperature gradi-
ent for given hydrodynamic operating conditions.
When the flow field is known, the radial temperature
fields 6, and 0, can be determined by solving equations
(8) and (9) with boundary conditions given by equa-
tions (10)—(13) and ¢,, provided that the velocity—
temperature cofluctuation vectors, the interfacial
mean temperature and the interphasc heat transfer
term Q are expressed in terms of the basic variables
(i.e. the phase mean velocity and temperatures). Such
closure equations could be deduced from a detailed
modelling of the probability distributions of random
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velocities and temperatures. At the present stage of
our knowledge. however, these probability distri-
butions arc unknown. Necvertheless, an expression for
Q can be derived from the following argument. When
cquation (9) along is integrated over a cross-scction,
the relationship between the cross-sectional average
of @ and the axial temperature gradient is

1 W’ (vq dT\\
2T dy

(16)
This suggests that Q is governed by the same axial
temperature scale as the phase mean enthalpies. It
cannot reasonably be assumed, however, without con-
siderable loss of gencrality, that the local value Q(r)
is at any point equal to the average given by equation
(16). Previous authors assumed that Q is proportional
to the local solids volumetric capacity flux (px,C. V)
but this implies, as can be seen by equation (9), that
there is no radial heat transfer due to the particles.
The interphase heat transfer Q acts, indeed, as a heat
sink in equation (8). Since the heat transferred by the
gas to the particles has to be stored in the solids
phasc prior to radial transfer by conduction within
the phase and/or random transport in the radial direc-
tion, it seems reasonable to consider Q(r) as being
proportional to the local volumetric heat capacity of
the particles (p,,C,). But the additional factor G(r)
should be different from V. (r) in order to allow a
radial heat flux due to thc particles:
dr,
Q) = p €G- a7
X
G(r) has the dimensions of a velocity but differs from
Vdr).

4. TEMPERATURE FIELDS IN SIMILAR
PROFILE REGIME

4.1. Similar profile regime

In a previous paper [2] it was shown that the dilute
phase fully developed flow of a vertical gas—solids
suspension is characterized by sclf-similar solids con-
centration and velocity profiles

a(r) =2 f(r:U)
V) =V.(r: U)

(18)
(19)

at a constant superficial gas velocity U. In fact, the
profiles in equations (18) and (19) are asymptotic solu-
tions to the general equations when the average solids
volumetric concentration tends toward zero. The latter
is defined by :

R
% = l—' 7J 2nra(rydr. 20)
R~ Jy
Experimental results cited in ref. [2] show that solids
velocity and ‘reduced’ concentration profiles (i.e. con-
centration profiles divided by the mean concentration)
which ar¢ independent of solids loading have been
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reported by many authors for average volumetric par-
ticle concentrations up to a few per cent. The similar
profile regime seems, therefore, to be a typical feature
of ‘dilute’ phase flow. In this regime, the gas velocity
profiles deform with increasing solids concentration
according to the following asymptotic form:

) = Vs U)tas(r; UV D)+0@2). (21)

In fact, equations (18), (19) and (21) are MacLaurin
series expansions limited to the first order in terms of
increasing powers of the average solids concentration.
In general, the difference between the reference flow
variables (e.g. V') and the suspension flow variables
(e.g. V) are as a result of modifications due to the
presence of the particles.

4.2. Temperature field of the reference flow

In equation (21), the first term in the RHS is the
velocity field of the reference flow (i.c. the velocity
profile of the gas flowing alone in the same pipe with
the same superficial velocity). The basic hypothesis
used in the previous hydrodynamic analysis [2] is that
all Eulerian variables of the fluid tend toward their
values in the reference flow when the average solids
concentration tends toward zero. For the temperature
fields, the same should hold for both the axial and
radial profiles. The energy equation for the reference
flow is

1] 1 0

pc| T S )= il 2(4) e
where the *® superscript designates the reference flow
variables. The temperature fields are defined by the
wall heat flux. Consequently, the temperature field of
the reference flow should be that obtained with the
same thermal boundary conditions as those imposed
on the suspension : the same inlet temperature and the
same wall heat flux @,. The limiting form of equation
(15) is, therefore

do?
@, = —afﬁ;ﬁ forr = R. @3
The heat balance equation can be obtained by letting
W, = 0 in equation (14)
0

d7T,
W.C; o 2nR@,.

x (24)

The axial temperature gradient of the reference flow
differs, then, from that of the suspension by a scaling
factor which can be expressed using the following
ratio:

WG,

F=yic (25)

Now, if K and K denote, respectively, the axial tem-
perature gradients for the suspension and the refer-
ence flow, considering equations (14), (24) and (25),
one has

2669

K 0
K J——

- (26)

In similar profiles regime I” tends towards zero as the
average concentration tends towards zero. Normally,
in gas-solids suspensions the order of magnitude of
T/, is however, about 107,

4.3. Asymptotic form of the energy equation

In order to give to equations (8) and (9) a simpler
form the following variables will be defined to regroup
all the radial heat transfer terms for the fluid and the
solids, respectively:

d de
{f= — Af[&; (as0p) — 6, J]“‘ PrOCfCr€£

r

@n

d da
= ] (0.0~ 0,— |-paCe. 2
Cs )a[dr (“sgs} 9! d?‘:l ps&scsgr ( 8)
Energy equations (8) and (9) can be rewritten using
these new variables and substituting the expression
given by equation (17) for Q. If the equations then
obtained are in turn divided by K, one obtains

1d{ ¢
peCra V' = ;a;(rg>—,0scs°€sG (29

tdyf i
pscsas Vs = ; a; (rl?)+pscsa36' (30)

An analogous equation can be derived for the refer-

ence flow
td/ o
pCV e = rdr <r K0

which is the limiting form of equation (29) as the
average concentration tends toward zero.

Consider now the MacLaurin series expansion of
G limited to zeroth order terms

G(r,a, U) = G°(r; U)+0O(a,).

G

(32)

If this expression is substituted for G in equation (30)
and second order terms are neglected, dividing
through by «, leads to an equation in which the LHS
and the second term on the RHS are independent of
the average solids concentration (this follows from
equations (18) and (19)). Therefore, the asymptotic
form of the compound {,/(K«,) is independent of «a,.
Now, if equation (28) is considered, it appears that
the solids phase energy equation allows as solutions,
asymptotic temperature profiles of the form

&sgs‘ (r N U) S
10 =2 v0@d o)
0w ) o —
0, = m +0(a,). (34)

It should be noted that, the first term on RHS of
equation (33) is not exactly the first order term of a
MacLaurin series expansion since I" depends on a..
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But as the ratio of these two latter variables has an
order of magnitude much greater than | the resulting
second order term cannot be neglected.

An analogous result can be derived for the gas
temperature field from equations (29) and (31). Sub-
tracting the second from the first one gives

, Y
piCila V= V) = T dr l:”({é - ﬁ)J_PsCs%G«
(35)

The asymptotic form of the LHS of the above equa-
tion can be substituted from equation (21). Again,
neglecting the second order terms and dividing
through the resulting equation by «, gives

, Lrdf e g .
pCIOV = [:( 2 K&,)J-phaf (6.
(36)

As the first and last terms in equation (36) are inde-
pendent of the average concentration, the derivative
is also independent of &,. Consequently, the following
asymptotic form can be deduced :

Lol e —
2= it H0@?).

37
(The term K" has been introduced on the RHS of
equation {37} for dimensional considerations.) Accord-
ing to the definition of the radial flux term (equa-
tion (27)), the temperature and cofluctuation terms
for the fluid should be of the following form :

a0/ .,
a0 =00+ s+ 0(?)

4T .
w604 5 4 06?) (39)
R S S

Consequently, equations (35), (38) and (39) satisfy
equation (37) and are thus, possible solutions of the
energy equation of the gas. Formally, these asymp-
totic profiles are slightly different from those of the
flow patterns defined by equations (18), (19) and (21)
by the presence of an additional scaling factor (1 +1)
which accounts for the increase of the volumetric heat
capacity of the suspension with increasing loading.
The Eulerian variables of the solids phase are,
however, still self-similar.

5. CONSEQUENCES FOR THE HEAT
TRANSFER COEFFICIENT

As shown above, the temperature profiles defined
by equations (33), (34) and (38) are possible asymp-
totic solutions for the energy equations in the similar
profiles regime. The derivation of these results gives
no additional information about the functions making
up these expressions, It should be recalled, in this
connection, that, even the temperature field of the
reference flow is ‘unknown’ from a theoretical point
of view. Nevertheless, the similarity properties of these
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asymptotic profiles can be used to derive an equation
predicting the variations of the wall-to-suspension
heat transfer coefficient with solids loading.

S.1. Reference temperature differences

The heat transfer coefficient expresses the ratio of
the wall heat flux to a reference temperature difference
AT. For the latter several different definitions
{reviewed in ref. [16]) have been used by previous
authors. When considering transfer from the wall to
the suspension (i.e. the mixture), the most useful defi-
nition of A7 would be the difference between the local
wall temperature T, and the suspension mixed mean
temperature, the latter being proportional to the mix-
ture’s enthalpy. We shall, therefore, define AT, as
follows:

ATm = T\x (Y) - TMm (X)‘ (40)

This temperature difference is independent of x and
can be computed using equations (5) and (6) and the
conventional definition of the mixed mean tempera-
ture:

1 R
(WGt W.CIAT = 5 j 2urlpy a0,
aR> Jy

+p,CaV0ldr. (41

Alternative definitions for A7 can be obtained using,
respectively, the mixed mean temperatures of the fluid
or the solids phases: AT, and AT, These three ref-
erence temperature differences are related by the
following equation :

VV,C}A H+ W‘)C‘AT\ = (WgC(‘{* WsC~)ATm (42)

These temperature differences can be expressed, using
asymptotic forms of the concentration, velocity and
temperature fields defined in equations (18). (19},
(21), (33) and (38). Neglecting the second order term

gives
a AL
AT, = AT“[l +a A+ (-(;I':)J

A,
_ 0 S
AT, = AT (1 F).

All the ATs are, thus, proportional to the reference
temperature difference AT of the reference flow.
(AT is the limiting form of AT, when a, approaches
zero.) The proportionality factors depend exclusively
on the hydrodynamic operating conditions, since the
terms denoted by As in equations (43) and (44) are
dimensionless shape factors accounting for the effect
of the non-uniformity of the profiles

{43)

{44)

1 Vi+v) o
0 et 45
; ALf(r) v Ao dd @49
| ye gl
[ Lt
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A=l Vo 00 44
S_Z Af(r)VSATO .

5.2. Asymptotic equation for the heat transfer
coefficient

With the help of equations (41)—(47) an asymptotic
equation expressing the variations of the heat transfer
coefficient with the solids loading can be derived. The
wall-to-suspension heat transfer coefficient #,, is
defined as follows:

(47)

QDW

A =ATm‘

(48)

It can be expressed in terms of the heat transfer co-
efficient £, of the reference (one phase) flow which is
defined in an analogous manner

(pW
hy = 5 7o (49)
This equation can be written as follows:
h 1+I)?
m__(FD (50)

hy  (I+al+b0?)
where the coefficients ¢ and b are arithmetic com-
binations of A7, A} and A, and as such, are compound

shape factors determined by the hydrodynamic
characteristics of the flow.

6. DISCUSSION

Equation (50) is a general result describing the vari-
ation of the suspension heat transfer coefficient as a
function of solids loading at constant superficial gas
velocity. The primary hypotheses leading to its deri-
vation are:

(i) The existence of a flow regime where solids vel-
ocity and concentration profiles, while non-uniform
through the pipe cross-section, are self-similar as
solids loadings increase. There is significant direct evi-
dence of this at low solids concentrations in the litera-
ture from local measurements and indirect evidence
exists through pressure drop measurements as dis-
cussed in ref. [2].

(ii) The axial heat flux is constant. If a different set
of boundary conditions are imposed on the flow, the
flow will not be thermally fully developed as indicated
in equation (14).

(i) The existence of self-similar solids temperature
profiles, that is profiles whose form is arbitrary but
which remain the same as solids loading increases.
There is little direct evidence either to support or
refute this in the literature but this hypothesis can
be indirectly confirmed by experimentally verifying
equation (50).

Equation (50) allows the entire impact of the com-
plex hydrodynamics of the flow on the heat transfer
behaviour to be summarized by two parameters a
and b. These parameters depend only on the reduced
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velocity, concentration and temperature profiles. The
profiles themselves however may be dependent on a
variety of factors characterizing a given system (par-
ticle size and type, pipe diameter, etc.) as well as the
superficial gas velocity. Without a detailed knowledge
of these profiles, @ and b cannot be calculated directly
and remain to be determined experimentally. In order
to facilitate this determination, equation (50) can be
re-arranged to give equation (51)

C1fa+n)?
Y_f{EMM)

Plotting the LHS of equation (51) as a function of
I' will allow a and b to be determined from the slope
and intercept. Figure 1 shows data from Depew and
Farbar [4], and Tien and Quan [8] plotted in this
way. At constant gas velocity, the relationship is linear
indicating that the flow regime characterized by self-
similar profiles and, therefore, equation (50) succeeds
in predicting the heat transfer behaviour. These data
also show that the same values of ¢ and 4 hold for
several different gas velocities. This is not predicted
directly from the analysis leading up to equation (50)
as, normally, a and b would vary as gas velocity varies.
The fact that they are constant in Fig. 1 indicates a
relative insensitivity, at least in this case, over a narrow
range of gas velocities.

Equation (50) allows for six basic types of vari-
ations of heat transfer coefficient as a function of
solids loading ratio. This is illustrated in Fig. 2 with
the associated ranges of values of ¢ and b plotted in
Fig. 3. Three of the types of variations (Types 1, 5
and 6) give coefficients which tend to values less than
that of the gas alone at the same superficial gas vel-
ocity as solids loading is increased. The other three
(Types 2, 3 and 4) lead ultimately to higher values.
Two of the variation types (Types 4 and 5) lead to
initial decreases in the heat transfer coefficients, pass-
age through a minimum, followed by increases there-

—1]=a+bF. (51)

Y[

re

F1G6. 1. Comparison between experimental data from Tien
and Quan [8] and Dgpew and Farbar [4] and equation (51).
B 200 ym glass, Reynolds number = 13 500. + 200 um glass,
Reynolds number = 15000. & 200 um glass, Reynolds num-
ber = 27500. A 200 um glass, Reynolds number = 30 000.
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after. One variation increases monotonically with
loading ratio (Type 3); another declines mono-
tonically with increasing loading ratio {Type 6). As
indicated earlier, each of these behaviours (with the
possible exceptions of Types 1 and 2) have been
reported experimentally: in summaries of reported
data, both Maeda er a/. [17] and Boothroyd and
Hague [18] show numerous examples of these kinds
of behaviour.

7. CONCLUSIONS

Probabilistic multiphase flow equations have been
used to analyse heat transfer between the pipe wall
and flowing gas-solids suspensions. This analysis has
shown that self-similar temperature profiles constitute
solutions to the energy equations. These solutions, in
turn, allow the derivation of the general form of the
variation in heat transfer coefficient as a function of
solids loading in gas—solids suspension flow. The gen-

Y., MowonTtsor and D, W. Myuzvyka

eral variation, which depends on only two parameters
which characterize the detailed hydrodynamics of the
flow, is consistent with data available in the literature.
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Wall to suspension heat transfer

TRANSFERT THERMIQUE SUSPENSION-PAROI EN REGIME DES PROFILS
SEMBLABLES .

Résumé—Une étude théorique du transfert de chaleur entre une suspension gaz-solides et la paroi du tube
qui la vehicule est effectuée a 'aide des Equations Générales Probabilistes des écoulements polyphasiques.
On en déduit qu’a I'instar des profils semblables de concentration et de vitesse qui satisfont asymptotique-
ment aux équations de Iécoulement, les équations de 'énergie admettent comme solution des profils
semblables de température, en écoulement dilué. Cette forme de solution permet, ensuite, d’établir 1’ex-
pression générale de la loi de variation du coefficient d’échange de chaleur avec le taux de charge de la
suspension. Cette expression est en excellent accord avec les résultats expérimentaux.

WARMEUBERGANG ZWISCHEN EINER WAND UND EINER SUSPENSION IM
BEREICH AHNLICHER PROFILE

Zusammenfassung—Wahrscheinlichkeitsgleichungen fiir die Mehrphasenstromung werden auf die Unter-
suchung des Wirmeiibergangs zwischen einer Rohrwand und einer Gas/Feststoffsuspensionsstromung
durch das Rohr angewandt. Die Untersuchung zeigt, daB in der gleichen Weise wie die selbstidhnlichen
Konzentrations- und Geschwindigkeitsprofile Losungen fiir die hydrodynamischen Gleichungen ver-
diinnter Suspensionen sind, auch die selbstdhnlichen Temperaturprofile Losungen der Energiegleichungen
darstellen. Diese Losungen wiederum erlauben es, den Warmeiibergangskoeffizienten fiir die Suspension
in allgemeiner Form als Funktion der Feststoffbeladung der Gas/Feststoffsuspensionsstrémung abzuleiten.
Die berechnete Abhingigkeit stimmt mit den in der Literatur verfiigbaren Versuchsdaten iiberein.

TEIUJIOTIEPEHOC OT CTEHKH K B3BECH B ABTOMOJEJIBHOM PEXHWME

AnpoTaips—BeposATHOCTHHE ypaBHeHHS MHOTO(A3HBIX TeyeHMH HCHOAB3YIOTCH AJIA aHAJM3a Temione-

peHoca MeXAy CTeHKoH TpyOHl H TedeHHeM B3BECH ras — TBepasle Tejia B TpyGe. [TosyuenHbie B pe3yiib-

TaTe pelIeHHs Npo(HIM KOHNEHTpalw|ii, CKOPOCTEH H TeMNEpATyp ABIAIOTCA aBTOMOACALHBIMA. 3TH

PEILUEHHS, B CBOIO 09¢pe/ib, MO3BOJIKIOT ONPENEIHTh TEILUIONEPEHOC Kak PYHKIMIO CONEPKAHAA TBEPIBIX

Teq B TeueHHAX B3Beceil. PesylbTaThl pacyeToB COrJacyloTcs ¢ HMEIOIMMHECS B JIATCPATYPE KCHEPH-
MEHTAJIbHLIMH [TaHHLIMH.
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