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Ah&aft-A Eulerian-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 pm in diameter. The suspension Bow is predicted 
by salving numerically the maas, momentum and energy equations for the continuous phase and the motion 
and energy equations for indiv&af particles. The turbulence of the air flow iscaieufated by using a standard 
K - E model and the dispersion of the particles is predicted by the Lagrangian stochastic deterministic model. 
The average heat transfer coe%cient 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. InKMMBtXIXBN 

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 
app.roprIate knowledge of the parameters that control 
the interchange mechanisms between the phases it will 
be possible 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. 

0ne of the phenomena that have been studied from 
the experimental, analytical and numerical point of 
view [l-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 

5 To whom correspondence should be addressed. 

factors (mean velocity, turbulence intensity, thermo- 
physical properties, particle size, particle loading 
ratio, etc.), and give rise to a particular behavior of 
both the local (wall-suspension) and the average heat 
transfer. 

In the literature it is reported (see the surveys in 
refs. [l-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 Bow [4,6 
10,151, whereas other researchers have detected that, 
as the particle toadiag ratio increases, the heat transfer 
first decreases to a minimum value and then (depend- 
ing on the suspension characteristics), it can increase, 
remain without signi&ant change, or even decrease 
[S, 11-14, 161. 

Depew and Kramer [3] present a discussion af the 
different parameters that affect the rate of heat trans- 
fer from the wall to the suspension. They pointed out 
that the heat transfer is affected by the addition of 
particles which modify 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 coe@icient, as the Reynolds rmmber, 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 ofthe 
Tsuji et al. experiment f17], that both the turbulence 
intensity of pipe flow decreases at low particle loading 
ratio (0 < ZL < 1) and that turbulence is promoted 

1923 



1924 R. AVILA and J. CERVANTES 

AP 
A Wit”Sl 

Bi 

CP 

CP 

D 

dP 

g 

H 
h 

particle surface area [m’] 
heat transfer surface area [m’] 
Biot number 

k 

K 
L 
mf 
mP 

NU 
Pe 
Pr 
P 
Q 
r, 
YP 

fluid specific heat [J kg-’ K’] 
particle specific heat [J kg-’ K-‘1 
pipe diameter [m] 
particle diameter [m] 
acceleration of gravity [m ss2] 
mean fluid total enthalpy [m’ SC*] 
average heat transfer coefficient 
[W m-* K-‘1 
thermal conductivity of the fluid 
[w m-’ K-‘1 
turbulent kinetic energy [m’ s-*1 
pipe length [m] 
mass flow rate of the gas [kg SC’] 
mass flow rate of the solid phase 
[kg S-II 
number of particles within a control 
volume 
number of particles per unit of time in 
thejth trajectory [l SC’] 
average Nusselt number 
Peclet number 
Prandtl number 
pressure [N m-‘1 
heat flow [W] 
pipe radius [m] 
particle position in the radial direction 
[ml 
radial direction [m] 
Reynolds number 
mean fluid temperature [K] 
instantaneous temperature [K] 

r 
Re 
T 
T 
Tbuli, TM, suspension bulk temperature at 

the inlet and outlet of the heated section 

Tmfi> Tm, gas phase bulk temperature at the 
inlet and outlet of the heated section 

Tmp,, Tmpo solid phase bulk temperature at 
the inlet and outlet of the heated 
section 

t time [s] 
U’ mean velocity of the gas phase [m SC’] 
VP particle volume [m’] 
ZL loading ratio, mass flow rate of solids 

over mass flow rate of air. 

Greek symbols 
At 
AV 
A Tlm 

time interval [s] 
fluid volume [m’] 
logarithmic mean temperature 

difference [K] 
dissipation rate of K [m” sd3] 
angular direction 
dynamic viscosity [kg m-’ SC’] 
kinematic viscosity [m’ s-‘1 
fluid density [kg m-9 
particle density [kg m-‘1 
dynamic characteristic time of the 
particle [s] 
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. The dispersion of the particles in the turbulent flow 
This explains the phenomenon that many authors is determined using the LSD (Lagrangian-stochastic- 
have observed either experimentally or numerically deterministic) model [18], which requires the values 
concerning the variation of the average heat transfer of the instantaneous gas phase flow velocities and 
coefficient at loading ratios around one. temperatures. 

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-E) turbulence model. The velocity and 
temperature histories of isolated particles are found 
by solving their momentum and energy Lagrangian 
equations. 

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. 4, &Pr, and S, expressions for the transport 
equations of the gas 

H 

aii 2 
I4 $ --PC 

0 

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 [ 191, which requires the formulation of 
one equation for the turbulence kinetic energy (K) 
and another one for its dissipation rate (E). 

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

The variables 4, (P,~JPY& 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 Si, Sg, Si and S,’ 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 [ 191. 

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--E turbulence model 

cu Cl G 0, 
0.09 1.44 1.92 p.“o 1.3 

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 10e3. 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,_ z (v-p) wp 
dt -r+< 

dw, _ (w-WQ) wpvp 
dt ---- T‘p TQ 

where 

ae 
WP = ‘Pat 

f= 1 +O.lSRe~ 687 

u= ((u-up)‘+(v-vp)2+(w-wQ)2)‘,‘*. 

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 Rung*Kutta 
algorithm. The resulting explicit expressions are : 
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axial direction, 

up = u-(u-u,,)exp -e 
( > 

-8(1-f-)(I--ev(-z))r, (5) 

radial direction, 

At ( 
2 F 

up = up0 -I- T 
w; -F+z-$+<+2v 

P > 

angular direction, 

(6) 

At 
wp = w,,+- wpo wpovpo ---- 

2 ( ZP rP0 

- -- 
W _4- WV 

5P 

-J-J+2w (7) 
TPO > 

where 

- 
W,=w,,+At -2-y . 

> 

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

xp = xpo + ; (a, f up,) 

rp = r,,+ ~tup++J (9) 

ep = e,,+ $ z + 2 . ( > (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 stream 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 r&&ion heat transfer between the wall and 
the flow is neglected (wall-flow system at low ten 
perature). 

The particle heat balance equation is formulated 
as : 

Q = P,V,C,~ (11) 

where 

Q = -hA,(T,- r) 
- 
Nuk 

LT. 
P 

(12) 

(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) O<Re,< 1 

Xi= l+(l+Pe)“.333 

(B) 1 G Rep g 100 

- 
Nu = Rei.4’ 

0.333 

Pro.333 + 1 

(C!) 100~ Re, G 2000 

0.333 

Pro.333 + 1. 

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

where 

Tp= (T,,-T)exp (14) 

Tpter 
_ PPWP 

6&k ’ 
(15) 

The energy transfer (particle-fluid) during At is : 

E = P&J& ~pVp0 - n 
6 (l-exp(-2)). 

(16) 
The calculation of a relatively high number of par- 

ticle trajectories (2000) allows the evaluation of both 
the mean characteristics of the &persed phase and 
the interaction source terms. 

4. PARr#cLE M#C#EL 

Particle dispersion by fluid turbulent eddies is pre- 
dicted by use of the LSD model developed by Milo- 
jevic [ 181. The LSD model requires the knowledge of 
the mean Herian characteristics (velocity, tempera- 
ture, K and E) of the in order to 
calculate the Lagz~ngi scales of the 
turbulent eddies, which promote particle dispersion. 
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The life time of the Lagrangian eddies is calculated 
as 

ti_ = 0.35 
& (17) 

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

L, = urms tL. (18) 

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

where 

(urm& = (urms), = urms (19) 

urms = (tK)“*. (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 Trms, respectively. A Trms 
expression developed by Launder [27], is used in the 
following form : 

(F)‘/* = Trm,y= (-%rG)‘)‘;’ (21) 

where 

R= 
thermal eddy life time 
dynamic eddy life time ’ 

As a Arst approximation, the life times of the ther- 
mal and dynamic eddies are assumed to be the same 
i.e. R = 1. 

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

u=Q+u’ (22) 

T= T+T’. (23) 

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

t l"teM = min (th ttransit) (24) 

where 

t Ll. -- tra”Slf - 
Vrel 

(25) 

oreI = max(lu-u,I, b--zlJ, l~--wpl). (26) 

The LSD model [lg] assumes that a new fluctuation 
must be generated when any of the following situ- 
ations occur : the particle crosses the eddy ; the eddy 
life time is over. 

In order to calculate both the mean character&ids 
(veto&y, t&ipeYattire, eoneentration and turbtilent 
kinetic energy) of the paftieles, and the interaction 

term S$, a relatively high number of particle tra- 
jectories are cor@Med a&d f%MM&S dv 

The equations that the U!@ &&I &q&es to cal- 
culate the mean dymrtnie ~~~~ of the dis- 
perse phase and the st&rke t&rlhs (Se, -&‘$ and SF) are 
fotinuhtted by ;bih$?vie il$]. In ths se&oh, the 
expressions for both the mean temperature of the par- 
ticles within a Eulerian numerical eontrio volume and 
the interaction term S$ will be @z&@ed. 

The mean temperature of the dis@ersed phase in a 
control volume is evaluated as : 

(27) 

where 

(t2-t,) = time that the $articles in the$h trajectory 
remain in the control volume. 

AZ 3 integration time interval. 

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

X(1-exp(-&))kNrAt (29) 

where AV = fluid volume in the numerical control 
volume. 

The general conservation equation of the gas phase 
equation (l), is solved m.tmeric&ily using the control 
volume algorithm develotjed by Patankar and SpaI- 
ding [28], and explained in (fetal1 by Patankar [29]. 
This numerical method is the b&t+ of several ddntputer 
programs which solve the parabolic eqt&tidns for sin&le 
phase turbulent flows [30, 311. 

The numerical procedure is implicit and uses a 
marching technique, i.e. at any one axial location, the 
mean characteristics of the gas phase are required in 
order to evaluate the how characteristics at the next 
axial location. This allows the use of a much finer grid 
in both the streamwise and tHe cross-stream direc- 
tions. With this numerical information it is possible 
to obtain grid independent solutiuns and atzcurately 
compare numerical predictions with experimental 
results. 

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

solve tHe gas phase conservation equations without 
partiefes, from x to x+ Ax (next axial position) ; 

start particle trajectories from x to n+ Ax (evaluate 
partlcle positiun and temperature 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 x+ Ax to x + 26x. 

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 (At), 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 [l-16], that 
the averaged heat transfer coefficient fisUSP (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 hsusp 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 hSUSP 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 &,, with the following par- 
ameters varying : 

particle diameter dP ; 
loading ratio ZL ; 
suspension Reynolds number 

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 hsusp, 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 et al. [17]. This was per- 
formed following Depew and Kramer [3] which pointed 

0.0 0.2 O.‘r/“rz 0.8 1.0 

Fig. 1. Mean velocity distribution of the gas phase and solid 
phase for various loading ratios (Tsuji et al. experiment, 
dP = 200 x 10e6 m, Re, = 2.1 x 104, ZL = 1.3, A gas phase, 

0 solid phase). 

out that advances in understanding a thermal system 
must be based on progress in the description of an 
isothermal system. Tsuji et 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 pm polyestyrene spherical particles 
(p = 1020 kg rnm3) 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 
pm, Re, = 2.1 x lo4 and three loading ratios (0.0,0.5, 
1.3). 

The radial distributions of the mean velocities for 
both phases, for 500 pm particles, Re, = 2.1 x lo4 and 

0.10 1 
Simulation 

- ZL-0.0 
0 

o.08 - - - ZL=O.5 
u 

< 0.06 

t- 

O.OO 0-o . * 
r/r0 

Fig. 2. urms distribution of the gas phase, for various loading 
ratios (Tsnji el al. experhnent, dp =200x 10e6 m, 
ReD = 2.1 x 104, 0 ZL = 0.0, 0 ZL = 0.5, A ZL = 1.3). 
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0.0 0.2 0.4 0.6 0.6 1.0 

r/r0 
Fig. 3. Mean velocity distribution of the gas phase and solid 
phase for various loading ratios (Tsuji et al. experiment, 
d, = 500 x 10m6 m, Re, = 2.1 x lo“, ZL = 3.4, n gas phase, 

0 solid phase). 

Simulation 
0.10 , 

- zL-a.0 

0.06 

0.04 

0.02 

Oaoo 0-0 
‘r/i0 * * 

Fig. 4. urms distribution of the gas phase, for various loading 
ratios (Tsuji et al. experiment, d, = 500x 10m6 m, 
Re, = 2.1 x 104, 0 ZL = 0.0, i-J ZL = 0.7, A ZL = 2.1, 

* ZL = 3.4). 

0.10 

Simulation 
0.06 

5 \ --_--__-_- 2LaO.7 

‘z 0.06 \ - - - - - ZG2.1 

i? \ 
- - - ZL33.4 

IA_ 0.04 
\ 

Fig. 5. Void fraction distribution, for various loading ratios 
(Tsuji et al. experiment, d, = 500 x 10m6 m, Re, = 2.1 x 104). 

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, especiaIly when the loading 
ratio is 1.3 (4 = 200 pm) and 3.4 (d, = 500 pm). Such 
a concave profile was reported by Tsuji et al. [17]. 
Figure 1 shows that the maximum velocity of the gas 
phase (ocurring out of the symmetry axis) is over- 
predicted when 4 = 200 km and ZL = 1.3. However, 
the comparison between predicted and measured gas 
phase velocity in the case of 500 pm and ZL = 3.4 is 
encouraging, because both proties 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 al. [17], when 
the flow was loaded with 200 pm 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/r0 < 0.5 when the loading ratio is0 < ZL -c 3.4, 
however in the region 0.5 < r-/r0 < 1 .O, 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 pm particles is almost uniform 
along the cross section, whereas the velocity dis- 
tribution of the 200 pm 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 pm 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 et aI.‘s exper- 
iment showed how the particles modify both the mean 
velocity and the turbulence intensity of the gas phase 
(Figs. l-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. 

1.30 - Simulation 

In nonisothermal particulate flows the local. con- 
- lb-15,300 

vective heat transfer coefficient depends on the thick- 
v] 1.20 - ------ ba=19,7aa 

ness of the viscous sublayer, which is a function of the % --- 

loading ratio and particle size. 1-c 1.10 - 

In the literature it has been mentioned (without \ 

verification), that at low loading tatios the following P J 1.00 -I 
phenomena appear : turbulence is suppressed, the vis- 
COW 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 

Ir” 
0.90 - 

0.80 
0.0 

I, I, I, t , 1 ( 

1.0 2.0 3.0 4.0 5.0 
viscous sublayer thickness and iricrease 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, hsusp, is a func- 
tion of both the heat transported by the suspension 
Q susp and the logarithmic mean temperature difference 
ATlm,,,,,, i.e. 

where 

Qsusp = k,sp&ans~A Thusp (30) 

louding ratio (ZL) 
Fig. 6. Ratio of heat transfer coefficients vs loading ratio, for 
v&ious Re (Farbar and &pew experiment, d, = 200 x 10e6 

m,ORe=l5300,ORe=I9~00,ABe=26500). 

1.80 Simulation 

Re= 15,300 

VI 1.60 ------ Re=l~,700 

% -- Re*ZB,SJO / 

1-c 1.40 
\ 

g1.20 

Ir" 1.00 

ATlmsusp = 
A TWO - ATbuti 

(31) 
o.ffo ob’ 

1.0 2.0 3.0 4.0 5.0 

loading ratio (ZL) 

Fig. 7. Ratio of heat transfer coefficients vs loading ratio, for 
ATbuli = Ts - Tbuli various Re (Farbar and De-pew experimennt, d, = 140 x 10e6 

ATb”,a = T, - Tbulo. 
m,ORe=153OO,~Re=197OU,~Re=26500). 

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

1.30 SlMation 
l- Re=lf,XKl 

Qsusp = (mfcp + mp CJ ( Tbulo - Tbuli) (321 

where 

Ttwli = 
mfcp Tme + mp C, Tmpi 

micp + m&, 
(33) 

T bulo = 
mfc, Tmfo + mp C, Tmw 

rnp+ + mp Co . (34) 

The geometrical characteristics and thtiimal proper- 
ties that were used to ptedict the Farbar atid Depew 
experiment are as follows : 

Solid glass spherical particles. 
Patti& derisity 2570 kg me3. 
Paiticle specific heat 799.63 J (kg K)-‘. 
Air density 1.079 kg rne3. 
Ait @eel& heat l,OCB J (kg IQ-‘. 
Pipe WI&$ O.&O6 m. 
Pipe diametet (i.Uf 7 m. 
Heat ttansfer surface 0.043 m2. 

I: 
1.40 

*1.30 
IL 
\ al.20 

ul 
2 1.10 

IJ= 

Fig. 8. Ratia of heat transfet coefMents vs loading +io, for 
various Re (Earbar ati B+W e%jWi&ilt, d, = 70 x 1W6 

nl,ORs=1Sp~,5#e=f97gg,ARe=26500). 
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the clean gas average heat transfer coefficient for the 
correspo&ing Reynolds number. 

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

Figure 5 shows that, when the particles are relatively 
large (d, i= 200 pm), the effect on Fi,, is small if ZL 
increases beyond 1. On the other hand Figs. 7 and 
8 indicate that, if the particles are relatively small 
(d,, .=z 140 gm), the average heat transfer coefficient 
increases considerably when ZL > 2. Farbar and 
Depew reported that, when the particle diameter was 
greater than 70 pm, 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 [‘t] and Chu and Depew 
[16] reported that small particles contribute more than 
larger ones to the heat transfer rate. 

Figures 7 and B indicate that the experimental data 
are overpredicted, especially when ZL > 1, probably 
because the experimental value of I%,,, 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 cf], 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. I;ausp does not decrease 
markedly due to the turbulence modulation. On the 
other hand, in Fig. 6 it is observed that when 
Re, = 26500 the effect of increased heat capacity is 
not significant (small particle residence time), so that 
the turbulence modulation promotes a decrease in 
&,sp. Figure 7 shows very clearly the effect of the 
suspension Reynolds number on A,,,. In this figure it 
can be ohserved that, for a particle loading ratio less 
than 1 and Re, = 26500 (small particle residence 
time), hsUsP decreases due to the turbulence modulation 
and the small effect of the suspension heat capacity. 
But for the same particle loading ratio and 
ReD = 15300 (large residence time), lisUsP 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. [I I], who reported that, for high Reynolds num- 

bets (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 &ase or the average 
heat transfer coefficient. 

8. coNclwl3HUG S 

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 pm), do not increase heat transfer 
from the isothermal wall, whereas small particles (70 
and 140 pm) cause a linear increase in the heat transfer 
coefficient. 

From this numerical simulation, the following may 
be concluded : 

The average heat transfer coe@cient Rsusp increases 
when the particle loading ratio is greater than 1. 

hsusp 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 hsusP. 

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

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

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