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Abstract—A FEulerian-Lagrangian mathematical model is used to predict the average heat transfer
coefficient at the inner wall of a vertical pipe. Air flows within the pipe in a turbulent regime loaded with
spherical glass particles of uniform size 70, 140 and 200 ym in diameter. The suspension flow is predicted
by solving numerically the mass, momentum and energy equations for the continuous phase and the motion
and energy equations for individual particles. The turbulence of the air flow is calculated by using a standard
K—emodel and the dispersion of the particles is predicted by the Lagrangian stochastic deterministic model.
The average heat transfer coefficient of the suspension is calculated for different Reynolds numbers, particle
loading ratios and particle diameters. The results are compared with experimental data published in the
literature.

1. INTRODUCTION

Turbulent particle flows are characterized by the sim-
ultaneous presence of a continuous gas (or liquid)
phase and a dispersed particle phase with an exchange
of mass, momentum and energy between both phases.
The extent of these interactions depends on many
factors, among them the size, concentration and
physical properties of the particles and the velocity,
temperature and turbulent intensity of the flow. The
evaluation of the parameters that characterize these
interactions gives rise to a better understanding of the
physical phenomena involved.

Research in the area of heat, mass and momentum
transfer in particulate flows has grown steadily in the
engineering disciplines due to the increasing need to
understand, evaluate and control in an optimal way
the interaction between the two phases. With an
appropriate knowledge of the parameters that control
the interchange mechanisms between the phases it will
be pessible to increase the efficiency of the gasification
and combustion of pulverized coal and atomized
liquid fuels, to decrease the erosion of pipes and
turbines, and control the dispersion of the con-
taminants in the atmosphere, rivers and seas, etc.

One of the phenomena that have been studied from
the experimental, analytical and numerical point of
view [1-16} that is still not properly understood is the
heat transfer between the wall of a duct and a tur-
bulent flow transporting either solid or liquid
particles. In these flows, the interaction mechanisms
between the phases are a complex function of several
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factors (mean velocity, turbulence intensity, thermo-
physical properties, particle size, particle loading
ratio, etc.), and give rise to a particular behavior of
both the tocal (wall-suspension) and the average heat
transfer.

In the literature it is reported (see the surveys in
refs. [1-3]) that some authors have measured or pre-
dicted an increase of the heat transfer through the wall
when small solid particles are added to the flow [4, 6-
10, 15], whereas other researchers have detected that,
as the particle loading ratio increases, the heat transfer
first decreases to a minimum value and then (depend-
ing on the suspension characteristics), it can increase,
remain without significant change, or even decrease
[5, 11-14, 16].

Depew and Kramer [3] present a discussion of the
different parameters that affect the rate of heat trans-
fer from the wall 1o the suspension. They pointed out
that the heat transfer is affected by the addition of
particles which medify the turbulent structure of the
flow and promote the exchange of energy between the
viscous sublayer and the turbulent core.

In this paper, an analysis of the heat transfer from
a vertical pipe with constant wall temperature to a
turbulent particle flow is presented. The purpose of
the work is to identify the influence that small spheri-
cal solid particles have on the suspension average heat
transfer coefficient, as the Reynolds number, particle
diameter and particle loading ratio are changed. The
experiment of Farbar and Depew [4], is reproduced
satisfactorily, and it is verified by the simulation of the
Tsuji et al. experiment {17], that both the turbulence
intensity of pipe flow decreases at low particle loading
ratio (0 < ZL < 1) and that turbulence is promoted
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the jth trajectory [1 s7']

Nu average Nusselt number

Pe Peclet number

Pr Prandtl number

P pressure [N m™?

Q heat flow [W]

To pipe radius [m]

rp particle position in the radial direction
(m]

r radial direction [m]

Re  Reynolds number

T mean fluid temperature [K]

T instantaneous temperature [K]

Touis Touwo  Suspension bulk temperature at

the inlet and outlet of the heated section

NOMENCLATURE
A, particle surface area [m?] Toss Tre  g2s phase bulk temperature at the
Aanss heat transfer surface area [m?] inlet and outlet of the heated section
Bi Biot number Tpis Tonpo  sOlid phase bulk temperature at
Cp fluid specific heat [J kg=' K~/ the inlet and outlet of the heated
C,  particle specific heat [J kg™' K™'] section
D pipe diameter [m] t time [s]
d, particle diameter [m] Ur mean velocity of the gas phase [m s™']
g acceleration of gravity [m s~ V,  particle volume [m’]
H mean fluid total enthalpy [m? s~ ZL  loading ratio, mass flow rate of solids
h average heat transfer coefficient over mass flow rate of air.
Wm—2K™]
k thermal conductivity of the fluid Greek symbols
Wm™'K™ At time interval [s]
K turbulent kinetic energy [m? s~ AV fluid volume [m®
L pipe length [m] ATIm logarithmic mean temperature
my mass flow rate of the gas [kg s difference [K]
my, mass flow rate of the solid phase £ dissipation rate of K [m?s ™)
kgs™] 0 angular direction
n, number of particles within a control U dynamic viscosity [kg m~' s7!]
volume v kinematic viscosity [m? s~}
NP number of particles per unit of time in P fluid density [kg m ™%

Po particle density [kg m™?]
T, dynamic characteristic time of the
particle [s]

Taer  thermal characteristic time of the
particle [s]
¢ general variable.
Subscripts
E Eulerian
L Lagrangian
p refers to the particles
po initial value prior At
s refers to the surface of the pipe
susp refers to the suspension
t refers to turbulent flow.

when the loading is of the order of greater than one.
This explains the phenomenon that many authors
have observed either experimentally or numerically
concerning the variation of the average heat transfer
coefficient at loading ratios around one.

The numerical computations carried out in this
work verify that, at a loading ratio larger than one,
the increase in the heat capacity of the suspension is
the primary factor that promotes the increase in the
average heat transfer coefficient.

The mean values of velocity and temperature of the
gas phase are obtained by solving the mass, momen-
tum and energy conservation equations together with
a standard (K—¢) turbulence model. The velocity and
temperature histories of isolated particles are found
by solving their momentum and energy Lagrangian
equations.

The dispersion of the particles in the turbulent flow
is determined using the L.SD. (Lagrangian-stochastic-
deterministic) model [18], which requires the values
of the instantaneous gas phase flow velocities and
temperatures. :

The instantaneous flow properties of the continuous
phase are determined through the generation of Gaus-
sian random numbers. The mean and turbulent
characteristics of the dispersed phase are obtained by
averaging a statistically significant number of tra-
jectories.

As the suspension flow was very dilute, no con-
sideration was given to heat and momentum exchange
between the particles. The temperatures in the system
were assumed to be small, so that the radiation heat
transfer between the pipe and the mixture was neglected.
As mentioned before, the walls of the vertical pipe
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Table 1. ¢, pa/Pry and S, expressions for the transport
equations of the gas

Hett
¢ Prc{f S¢
_ dp
a Ut e “ax TP
B 10 LLaay
H Pr + Pr, ror <r<#°ﬁ<l T Prg)2 or trig
t o\
K oy “‘(ar) s
I e [on\’ ¢
¢ 7, C““K(@r) —Cry

are assumed to be at a constant temperature and the
average heat transfer coefficient is calculated by defin-
ing a logarithmic mean temperature difference.

2. MATHEMATICAL FORMULATION
(CONTINUOUS PHASE)

The mean values of velocity, temperature and tur-
bulent quantities of the gas phase are obtained by
solving the transport equations of mass, momentum
and energy, together with the standard K—e tur-
bulence model {19], which requires the formulation of
one equation for the turbulence kinetic energy (X)
and another one for its dissipation rate (¢).

The system of differential parabolic equations in
cylindrical coordinates can be formulated as one gen-
eral equation:

Herr a¢

vY P
Fre 0r>+ S,+S2. (1)

10
p”a_ﬂ’”_:?E(’

The variables ¢, (ue/ Pr.) and S, have a different
form, depending on the transport equation
considered. The expressions for these variables are
presented in Table 1.

The interaction source terms S%, S%, S% and S7 of
equation (1) represent the exchange of momentum,
total enthalpy, turbulence kinetic energy and dis-
sipation rate between the phases, respectively.

The values of the constants that appear in the tur-
bulence model are shown in Table 2 [19].

3. MATHEMATICAL FORMULATION
(PARTICULATE PHASE)

3.1. Particle momentum equation
The Lagrangian momentum equation of an indi-
vidual spherical particle in a gas stream is a com-

Table 2. Constants for the K— ¢ turbulence model

Cu C, C, Og [N
0.09 1.44 1.92 1.0 1.3
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plicated function of different phenomena which
appear in the near vicinity of the particle. In order to
establish the Lagrangian momentum equation, the
particle is assumed to be isolated and far from any
boundary so that particle—particle interactions, and
particle-boundary interactions are not considered.
The contribution of the mean pressure gradients of
the gas phase to the force on the particles, the particle
thermal (Brownian) motion, the effect of neighboring
particles on drag forces and the variations in particle
size and shape are all neglected {20]. Virtual mass and
Basset terms are not included in the equation because
they are of the order of the gas—particle density ratio
[21], which for the calculations performed in this
research is 1072, The Saffman lift and Magnus forces
are neglected because the particles are not in a high
shear gas phase flow. It is assumed that the particle
size is much lower than the characteristic length of the
flow, where changes of the mean flow properties are
supposed to occur [22]. It is assumed that the only
body force acting on the particles is the gravity force.
Finally drag is treated empirically, assuming quasi-
steady flow for spherical particles [23].

With the assumptions mentioned before, the Lag-
rangian equations that describe the movement of the
particles in the polar—cylindrical coordinate system

are [24]
du,  (u—u) P
mots)

b S S S 4 3)

- P> T PP )

where

06

Wp = rpfa—t

__M
P 3nufd,
f=1+0.15Re%"

_paU
U

U= ((u—u,)>+0—0)" +(w—w, )"

T

Re,

The trajectory of individual particles is known when
the momentum equations (2)—(4) are integrated along
the flow domain, the integration is performed by using
small time intervals and assuming that the forces act-
ing on the particles remain constant during each inter-
val.

The momentum equations (3)—(4), are solved
numerically by using a second order Runge—Kutta
algorithm. The resulting explicit expressions are :
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axial direction,

U, = u—(u~—upo)exp<~ —f—t)

P

A-om(-2)

radial direction,

At(
Vp =Upot+ 5| —

vy W V, W2
2 G R Attt "+2v>

T Tpo  Tp Tpo
(6)

angular direction,

At w WU
— . _ v Tpopo
Wy = Wpo+

2 T, T'oo
w, w,V,
e +2w> )
T, Foo
where
— Vo | Wi
Vo = go +At[ — — + 2
P T

o = - 220 - ),
T Tpo

The location of individual particles is calculated by
the following expressions :

At
Xp = Xpo + 7 (up + upo) (8)
At
rp = Tpo+ > (0p + Vo) &)
At (wy, Wy
op_9p0+7<rp + r,,o>' (10)

In the solution of the particle momentum equations
it is assumed that the particles do not lose kinetic
energy when they impact the wall of the duct (elastic
reflection). Consequently, the particles leave the wall
at the same angle and velocity as they approach it.

3.2. Particle heat balance equation

In this work, it is assumed that the particles do not
receive heat directly from the wall when they impact
it, i.e. the heat is transmitted first from the wall to the
fluid and then to the particles.

The heat balance equation of an isolated particle in
a gas strearn is formulated using the following assump-
tions:

The particles do not undergo phase change or
chemical reaction,

The temperature gradients in the particle are neg-
ligible (small particle Biot number).

The radiation heat transfer between the wall and
the flow is neglected (wall-flow system at low temn-
perature).
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The particle heat balance equation is formulated
as:

dT
0= pprCp_ci'tE (11)
where
Q= —-i-zAp(Tp— T (12)
. Nuk
h= . 13

The average particle Nusselt number is a function
of both the particle Reynolds number and the fluid
Prandtl number. Three empirical correlations are used
to calculate the average particle Nusselt number [25].

(A) 0< Re, < 1
m = 1+(1+P€)0'333
(B) 1< Re, < 100

o 0.333
Nu = Ref*! (1 + Fg—) Pro33 4

(C) 100< Re, < 2000

R 1 0.333
Nu = 0.752Re,‘§“‘72<1 + ﬁ) Pro333 41,

The integration of the heat equation (11) is per-
formed using a small time interval Ar and assumiing
that the instantaneous fluid temperature remains con-
stant during this interval. The instantaneous particle
temperature is then

At
T, = (Tpo—T)exp<— )+T (14)
Tpter
where
3Gy
Toter = — 15
" 6 Nuk (13

The energy transfer (particle—fluid) during At is:
: ~-T
£ BRGTD) (_ ( 1))
6 rpter

(16)

The calculation of a relatively high number of par-
ticle trajectories (2000) allows the evaluation of both
the mean characteristics of the dispersed phase and
the interaction sourece terms.

4. PARTICLE DIGPERSION MODEL

Particle dispersion by fluid turbulent eddies is pre-
dicted by use of the LSD model developed by Milo-
jevic [18]. The LSD model requires the knowledge of
the mean Eulerian characteristics (velocity, tempera-
ture, K and ¢) of the continuous phase in order to
calculate the Lagrangian length and time scales of the
turbulent eddies, which promote particle dispersion.
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The life time of the Lagrangian eddies is calculated
as

K

=03 = (17

The length of the Lagrangian eddies is calculated
by the following expression

Ly =urmsty.

(18)

In the last equation it is assumed that the turbulence
of the gas phase is isotropic, homogeneous and steady
[26], i.e.

(urms) = (urms)g = urms

19
where

urms = GK)"2. 20)

The velocity and temperature fluctuations of the
continuous phase, are generated as random numbers
with a Gaussian probability distribution with stan-
dard deviations urms and Trins, respectively. A Trms
expression developed by Launder [27]; is used in the

following form :
2RKi, (0T\*\'?
epPr, (61‘) @D

_ thermal eddy life time
 dynamic eddy life time’

(T?)"? = Trms = <—

where

As a first approximation, the life times of the ther-
mal and dynaniic eddies are assumed to be the same
ie. R=1

The instantaneous values of velocity and tem-
peratitre of the gas phase are calculated as:

=i+u
T=T+T.

(22)
23)

The generated fluctuations remain constant during
the patticle-eddy interaetion time ;

tintera = min (tL, ttransit) (24)
where
L
ttransil = o (25)
Uret
Uy = max("'l_upla}v_vpi"w""wp')' (26)

The L8SD model [18] assurres that & new fluctuation
must be generated when any of the following situ-
ations deeur : the particle crosses the eddy ; the eddy
life time is over.

5. MEAN CHARAGTERNSTICS OF THE
DISPENRSED PHABE AND SOUNCE TERMS

In order to calculate beth the mean characteristics
(velocity, tempéfatire, coneentration and turbulent
kitietic eriérgy) of the particles, and the interaction
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term S%, a relatively high number of particle tra-
jectories are coinputed afid ensefribles averaged.

The equations that the L8D iodel regiiires to cal-
culate thé mean dynamic charactetistics of the dis-
perse phase and thé sburee terms (5, S and SP) are
formutated by Milojévic [18]. In this section, the
expressions for both the mean témperature of the par-
ticles within a Eulerian numericil eontrol volume and
the interaction term 8% will be presented.

The mean teraperature of the dispersed phase in a
control volume is evaluated as

Tp:iZZTpNyAt

Mo 5%

(27
where
(28)

(t,-t;) = time that the particles in the jth trajectory
remain in the coiitrol volume,

At = integration time intérval.

The source term for the energy conservation equa-
tion in a control voluime is:

2

R
St =37 2 ZpVoGo(T, = 1)

Jo
x|1—e ! 1N”At (29
N xp pter At )

where AV = fluid volume in the numierical control
volurie:

6. NUMERICAL PROCEDURE

The general conservation equation of the gas phase
equation (1), is solvéd nuimerically usifig the eontrol
volume algotithiti devéloped by Patanikar and Spal-
ding [28], and explained in detail by Patankar [29].
This rivihetical methiod is the base of several computer
programs which solve the parabolic eqiidtions for sitigle
phase turbulent flows [30, 31].

The numerical procedure is implicit and uses a
marching technique, i.e. at any ohe axial location, the
mean characteristics of the gas phase are required in
order to evaluate the flow characteristics at the next
axial location. This allows the use of a much finer grid
in both the streamwise and the cross-stream diree-
tions. With this numerical information it is possible
to obtain grid independent solutions atid accurately
compdre nimeérical predictions with experimental
results.

The numerical procediire at a given axial location
x is as follows :

solve the gas pHase conservation equations without
partieles, from x to x+ Ax (next axial position);

start particle trajectories ffom x to x + Ax (evaluate
particle position dnd temperatiiré history) ;
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evaluate the mean characteristics of the particles
and the interaction source terms;

solve the gas phase conservation equations con-
sidering the particle source terms, from x to x+Ax;

iterate until a convergence criterion is satisfied ;

solve the gas phase conservation equations without
particles, from x4 Ax to x+2Ax.

The experimental works of Tsuji et al. [17] and
Farbar and Depew [4] were predicted by using a
numerical grid of 40 nodes in the radial direction and
2500 integration steps in the axial direction. The mean
characteristics of the particulate phase were obtained
by an ensemble average of 2000 particle trajectories.

The time increment (A7), used in the solution of
the particle equations, was adjusted in the numerical
procedure, in order to have at least five integration
steps for each particle trajectory in a Ax increment.

7. RESULTS AND DISCUSSION

It has been reported in the literature [1-16], that
the averaged heat transfer coefficient A, (between
the wall of a vertical pipe and a particulate turbulent
flow) increases or decreases depending on multiple
thermal and dynamic flow parameters. Most of the
theoretical and experimental works, however, con-
clude that the variable behavior of A, is mainly the
result of the following phenomena :

(a) The local convective heat transfer coefficient
increases or decreases.
(b) The heat capacity of the suspension increases.

Although these phenomena have been identified,
the complicated nature of A, reported in the litera-
ture allows one to conclude that the heat transfer
mechanism in these flows has not been well under-
stood [5].

In this section the numerical predictions of the
experimental work of Farbar and Depew [4] are pre-
sented. Farbar and Depew characterized the averaged
heat transfer coefficient A, with the following par-
ameters varying:

particle diameter d,;

loading ratio ZL;
suspension Reynolds number
DU,
Rep, = —
v

where D = pipe diameter, U, = mean velocity of the
gas phase.

In the experiment, the wall temperature of the ver-
tical pipe was constant. Farbar and Depew presented
their paper graphs of ZL vs A, and completed
only a qualitative analysis of the influence of the gas
phase turbulence intensity on the average heat transfer
coefficient. A quantitative analysis of this influence is
presented by predicting the well characterized iso-
thermal experiment of Tsuji ez al. [17]. This was per-
formed following Depew and Kramer [3] which pointed
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Fig. 1. Mean velocity distribution of the gas phase and solid

phase for various loading ratios (Tsuji er al. experiment,

d, =200x 107°m, Rep, = 2.1 x 10*, ZL = 1.3, A gas phase,

O solid phase).

out that advances in understanding a thermal system
must be based on progress in the description of an
isothermal system. Tsuji ef al. [17] measured in a ver-
tical pipe flow the mean velocity of both phases and
the turbulence intensity of the gas phase. The pipe
diameter was 0.03 m and the test section was located
5 m downstream from the particle injection. Tsuji et
al. [17] used five different kinds of particles, but in
each test run the particles were of homogeneous shape,
size and material. The predictions of this experiment
with 200 and 500 um polyestyrene spherical particles
(p = 1020 kg m~?) are presented in Figs. 1-5. In these
figures the ordinate axis represents the symmetry axis
of the pipe, whereas u, is the velocity of the gas phase
on that axis.

Figure 1 shows the radial distributions of the longi-
tudinal mean velocities for both phases, with d, = 200
um, Re, = 2.1 x 10* and three loading ratios (0.0, 0.5,
1.3).

The radial distributions of the mean velocities for
both phases, for 500 um particles, Re,, = 2.1 x 10* and

0.10 — Simulation
7L=0.0
0.08 4 - L=05

Fig. 2. urms distribution of the gas phase, for various loading
ratios (Tsuji ef al. experiment, d,=200x10"% m,
Rep=21x10", O ZL=0.0,0ZL =0.5, A ZL = 1.3).
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0.70  Simulation o *
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ZL=0.0
0.60 + Z2L=0.7  ------
x =21 ---
* 2L=3.4 - =
0.50 T T 1
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Fig. 3. Mean velocity distribution of the gas phase and solid

phase for various loading ratios (Tsuji ef al. experiment,

d, = 500x10"°m, Rep = 2.1 x 10%, ZL = 3.4, A gas phase,
O solid phase).

Simulation

ZL=0.0

I I 1 1 1
0.0 »0.2 0.4 0.6 0.8 1.0
r/ro

Fig. 4. urms distribution of the gas phase, for various loading

ratios (Tsuji er al experiment, d,=3500x10"° m,
Rep=2.1x10*, O ZL=0.0, 0 ZL=0.7, A ZL=2.1,
S ZL = 3.4).

0.10 T

\ Simulation
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5 41 eeee- ZL=2.1
= 006 9 |
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d \
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9
o 0.02
>
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Fig. 5. Void fraction distribution, for various loading ratios
(Tsuji et al. experiment, d, = 500 x 10~ °m, Rep, = 2.1 x 10%).
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four loading ratios (0.0, 0.7, 2.1, 3.4) are shown in
Fig. 3.

In Figs. 1 and 3, it can be observed that the point
of maximum gas phase velocity deviates from the pipe
axis as the loading ratio increases, i.e. the velocity
profile becomes concave, especially when the loading
ratio is 1.3 (d, = 200 um) and 3.4 (d, = 500 um). Such
a concave profile was reported by Tsuji ez al. [17].
Figure 1 shows that the maximum velocity of the gas
phase (ocurring out of the symmetry axis) is over-
predicted when d, = 200 ym and ZL = 1.3. However,
the comparison between predicted and measured gas
phase velocity in the case of 500 um and ZL =34 is
encouraging, because both profiles show a similar
trend (see Fig. 3).

Figures 2 and 4 show how the particles alter the
turbulence intensity of the gas phase. It is found that
the numerical calculations predict a decrease of the
turbulence intensity when the loading ratio increases,
a similar trend was reported by Tsuji et a/. [17], when
the flow was loaded with 200 um particles and the
loading ratio was 0 < ZL < 1.3 (see Fig. 2).

Figure 4 shows that the calculations systematically
predict a decrease of the turbulence in the region
0 < r/ry < 0.5 when the loading ratiois0 < ZL < 3.4,
however in the region 0.5 < r/r, < 1.0, the predictions
show a strange behavior of the turbulence intensity,
especially when ZL > 1. It is important to observe in
this figure that when ZL > 1 in the logarithmic region
(near the wall), both the predicted values and the
experimental data of the turbulence intensity are
greater than those of the clean gas.

The predicted mean velocity of the particulate phase
is also shown in Figs. 1 and 3. It is observed that the
velocity of the 500 um particles is almost uniform
along the cross section, whereas the velocity dis-
tribution of the 200 um particles is similar (in shape)
to the velocity of the gas phase. It is observed that the
velocity of the particles increases with the loading
ratio and that the velocity of the particles is lower
than the gas velocity in almost all the cross sections.
Close to the wall, however, the particles have higher
velocity. Figures 1 and 3 show that in vertical flow,
particles with higher characteristic time have higher
velocity.

Figure 5 shows the radial void fraction distribution
for 500 um particles. It is found that the particles
concentrate around the center of the pipe, Tsuji et
al. [17] do not report the void fraction distribution,
however it is in agreement with the analytical
expression developed by Kramer and Depew [32]. In
the same figure it is observed that, at low loadings
(ZL = 0.7), the void fraction distribution is almost
uniform. The same behavior was found in the exper-
imental work by Kramer [3].

The numerical predictions of Tsuji ez al.’s exper-
iment showed how the particles modify both the mean
velocity and the turbulence intensity of the gas phase
(Figs. 1-5). These results are used together with the
predictions of the Farbar and Depew experiment [4] to
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understand the behavior of the average heat transfer
coefficient. )

In nonisothermal particulate flows the local con-
vective heat transfer coefficient depends on the thick-
ness of the viscous sublayer, which is a function of the
loading ratio and particle size.

In the literature it has been mentioned (without
verification), that at low loading ratios the following
phenomena appear : turbulence is suppressed, the vis-
cous sublayer thickness increases and the local con-
vective heat transfer coefficient decreases. On the
other hand, it has been found that at high loading
ratios, the particles promote turbulence, decrease the
viscous sublayer thickness and increase the local heat
transfer. Figures 2 and 4 verify this behavior, i.e. low
loading ratio decreases the turbulence level, whereas
high loading increases the turbulence intensity.

The numerical computation of Farbar and Depew
experiment [4] assumes that the thermophysical
properties of the gas phase are constant and that the
radiation heat transfer is neglegible. It is also assumed
that the temperature gradient in the particles is neg-
ligible, i.e. Bi < 0.1 [33].

The average heat transfer coefficient, A, is a func-
tion of both the heat transported by the suspension
Qs and the logarithmic mean temperature difference
ATlm,, i.c.

qusp = ﬁsuspAtransz Tlmsusp (30)
where
_ ATbulo — ATbuli
ATim,,, = AT, 31
AT buli
ATgwi = Ty— Touwy

AT‘bulo = Ts - Tbulo~

The heat transported by the suspension is evaluated
by the following relationship :

qusp = (mf cp + mp Cp)(Tbulo - Tbuli) (32)
where
Co Tt Co T
Tbuli = S +mp 2P (33)
mec, +m, C,
Tnio CoT s
Tyo = e metPoplme (3
myc, +mgCy

The geometrical characteristics and thetimal proper-
ties that were used to predict the Farbar aiid Depew
experitment are as follows:

Solid glass spherical particles.

Particle derisity 2570 kg m .

Particle specific heat 799.63 J (kg K)~".
Air deiisity 1.079 kg m 3

Air specific heat 1,008 J (kg K)~'.

Pipe length 0.806 m.

Pipe diattieter 0.017 m.

Heat trarisfer surface 0.043 m?.
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Figures 6-8 show the comparison between the
nidmtietical prédictions and the experimetital data of
Farbar and Depew [4]. Tt the figures A, tepresents
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the clean gas average heat transfer coefficient for the
corresponding Reynolds number.

It is found that, when the loading ratio is around 1,
the particles promote a decrease in A, An expla-
nation of this behavior is that the particles decrease
the turbulence level of the gas phase (ag was observed
in the prediction of Tsuji et al. experiment). With this
ZL value (around 1), the suspension heat capacity
has a neglegible effect on the average heat transfer
coefficient.

Figure 6 shows that, when the particles are relatively
large (d, = 200 um), the effect on A,,, is small if ZL
increases beyond 1. On the other hand Figs. 7 and
8 indicate that, if the particles are relatively small
(d, < 140 um), the average heat transfer coefficient
increases considerably when ZL > 2. Farbar and
Depew reported that, when the particle diameter was
greater than 70 um, the heat transfer to the suspension
decreased.

The size of the particles plays an important role in
the behavior of £, i.e. smaller particles (small ther-
mal characteristic time) convey more heat along the
pipe so that the suspension heat capacity effect is
greater. Farbar and Morley [7] and Chu and Depew
[16] reported that small particles contribute more than
larger ones to the heat transfer rate.

Figures 7 and 8 indicate that the expetimental data
are overpredicted, especially when ZL > 1, probably
because the experimental value of A,,,, was obtained
by assuming that the particles had the same tem-
perature as the fluid both at the inlet and at the outlet
of the test section.

The heat transfer coefficient depends on the sus-
pension Reynolds number because it is a measure of
the particles’ residence time in the heated duct, and as
was mentioned by Farbar and Morley [7], the smaller
the Reynolds number, the longer the time that the
particles have to absorb heat from the fluid. This
behavior was verified in the simulation and is indi-
cated in Figs. 6 and 7. Figure 6 shows that if Re, = 15
300 and ZL < 1, the effect of the suspension heat
capacity is more important, i.e. A, does not decrease
markedly due to the turbulence modulation. On the
other hand, in Fig. 6 it is observed that when
Rep, = 26500 the effect of increased heat capacity is
not significant (small particle residence time), so that
the turbulence modulation promotes 4 decrease in
ﬁsusp. Figure 7 shows very clearly the effect of the
suspension Reynolds number on A, In this figure it
can be observed that, for a particle loading ratio less
than 1 and Rep = 26500 (small particle residence
time), f,,,, decreases due to the turbulence modulation
and the small effect of the suspension heat capacity.
But for the same particle loading ratio and
Rep, = 15300 (large residence time), A, does not
decrease.

Figures 6-8 indicate that the average heat transfer
coefficient increases faster when the Reynolds number
is small (Re, = 15300). This corresponds with Jepson
et al. [11], who reported that, for high Reynolds num-
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bers (high turbulence level), the viscous sublayer is
thin enough that the injection of solid particles beyond
ZL =1 does not produce an additional increase in
either the turbulence of the gas phase or the average
heat transfer coefficient.

8. CONCLUDING REMARKS

Numerical predictions of an isothermal particulate
pipe flow were performed, in order to analyse the
behavior of the average heat transfer coefficient in
nonisothermal turbulent pipe flows loaded with solid
particles. It was found that the particles concentrate
around the center of the pipe and interact significantly
with the turbulence of the gas phase, causing a
reduction in turbulent fluctuations. The average heat
transfer coefficient, calculated using a logarithmic
mean temperature difference, as well as the heat con-
veyed by the suspension along the pipe, acquire mini-
mum values in the range 0 < ZL < 1.

The numerical computations are in satisfactory
agreement with experimental data and it is found that
large particles (200 utn), do not increase heat transfer
from the isothermal wall, whereas small particles (70
and 140 um) cause a linear increase in the heat transfer
coefficient.

From this numerical simulation, the following may
be concluded :

The average heat transfer coefficient A, increases
when the particle loading ratio is greater than 1.

hsp is a function of the particle size, particle loading
ratio and suspension Reynolds number.

When ZL < 1 there are two effects which combine
to modify g,

The turbulence decrease effect is large and the sus-
pension heat capacity effect is small. Hence a net
reduction in A, is produced.

For small particles (d, < 140 um), the suspension
heat capacity effect is more significant than the effect
produced by the turbulence modulation. Hence a net
increase in A, is produced.

For high suspension Reynolds numbers, the effect
of the particles on ﬁsusp is relatively low.
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