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Abstract-The heat transfer characteristics of microencdpsu~ated phase thange material slurry flow in 
circular ducts are presented in this paper. The energy equation is formulated by taking into consideration 
both the heat absorption (or release) due to the phase change process and the conductivity enhancement 
induced by the motion of the particles. The heat source or heat generation function in the energy equation 
is derived from solutions for freezing or melting in a sphere. The correlation for the effective conductivity 
of the slurry is obtained based on available analytical and experimental results. The governing parameters 
are found to be the particle concentration, a bulk Stefan number, the du~t/particle radius ratio; the 
particle~~uid conductivity ratio, and a modified Peclet number. For low temperature appli~tions, it is 
found that the dominant parameters are the bulk Stefan number and concentration. The numerical solutions 
show that heat fluxes about 2-4 times higher than single phase flow may be achieved by a slurry system. 

INTRODUCTION 

MAJOR factors that make phase change materials very 
attractive for thermal energy storage and thermal con- 
trol are high energy storage density and small tem- 
perature variation. As a result, a wide variety of appli- 
cations have been suggested and implemented in 
practice [I]. Recently, a new technique of utilizing 
phase change materials in energy storage and thermal 
control systems has been investigated [2-61. In this 
approach, the phase change material is micro- 

encapsulated and suspended in a heat transfer fluid to 

form a phase change slurry. 
The concept of a phase change slurry has been 

made possible by advances in microencapsulation 

technology over the past decade. Since the ratio of 
surface area to volume of small particles is relatively 

large, the heat transfer rate per unit volume to or from 
the material in the particles is high. The slurry also 

serves as both the energy storage and heat transfer 
media. and the requirement of separate heat transfer 
media is therefore eliminated [7]. In addition, encap- 

sulating the phase change material in small capsules 
is expected to eliminate any segregation during phase 
change [8]. A phase change slurry also benefits from 

heat transfer enhancement found in the flow of 

suspensions as reported by several investigators 

[9-141. 
While all the preliminary studies and experiments 

indicate promising applications of the phase change 
slurry as a heat transfer and storage medium, data 
necessary for design is very incomplete. The lack of a 
general, systematic approach in earlier studies makes 
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it difficult to interpret or evaluate many of the results. 

Furthermore, most studies have concentrated on the 
materials and thermal storage aspects of phase change 
slurries. As a result, the most important aspect of such 

slurries, namely their heat transfer enhancing capability, 
has received only limited attention [3, 9-10, 141. In 
order to address this problem, a theoretical model 
describing the forced convection heat transfer with a 
phase change material slurry in a circular duct flow 
has been developed in this paper. Based on this model, 
numerical solutions valid for low temperature appli- 
cations have been obtained. 

FORMULATION OF THE PROBLEM 

Figure 1 (a) shows a schematic diagram describing 
the problem. The flow field in the duct may be divided 
into two regions, a melting (or freezing) region and a 
fully melted (or frozen) region. These two regions 
are separated from each other by a phase change 
‘interface’ which is a locus of points at which the 
particles become completely melted (or frozen). The 
melting (or freezing) region with the particles at 
different stages of the phase change process occupies 
the central portion of the flow field. The fully melted 
(or frozen) region is bounded by the tube wall and the 
‘interface’. The phase change material in the capsules 
in this region is either solely liquid or solely solid since 
the phase change process has been completed. The 
following assumptions are made in formulating the 
governing equations : 

(1) The maximum micro~apsule concentration 
considered in this study is limited to 0.25. The fluid 
can therefore be considered as Newtonian [I.%-171. 
Cases with higher concentrations, where non-New- 
tonian effects are important, have not been con- 
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constant, equation (9) 
Biot number 
specific heat 
volumetric concentration of suspended 
particles 
particle diameter 
duct diameter 
velocity gradient 
conductivity enhancement function, 
equation (9) 
heat transfer coefficient 
mesh point index in the radial direction 
value of index i on the wall 
thermal conductivity 
latent heat of phase change material; 
duct length 
constant, equation (9) 
Nusselt number 
mesh point index in the axial direction 
Peclet number 
Prandtl number 
heat Aux 
heat transfer rate 
radius 
Reynolds number 
duct radial coordinate ; rp is the interface 
location in a particle 
heat source or sink 
Stefan number 
temperature 
log mean temperature difference 

t time 
u velocity in the X-direction 
V volume 
.Y coordinate in the axial direction 
z ‘interface’ location, measured from the 

wall. 

Greek symbols 

; 

thermal diffusivity 
reciprocal of Bi 

B temperature 

.@ dynamic viscosity 
V kinematic viscosity 

P density. 

Subscripts 
1 dimensionless variables 
b bulk fluid (slurry) 
bm bulk mean values 
d duct 
e effective 
f suspending fluid; final-stage melting 
m melting point 

P particles 
S solid-phase portion in a particle 
W wail 
X at axial position X. 

Superscript 
rate of change with respect to time. 

Heat Trmrfer Soctlon 

FuUy mdtod (a fnmn) tugbn 

FIG. I (a). Heat transfer of phase change slurry in a duct. 
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FIG. l(b). Freezing in a sphere. 

sidered, since neither the viscosity, nor the thermal 
conductivity, can be correlated with the particle con- 
centration and related parameters. 

(2) The flow is assumed to be incompressible and 
laminar. It is also hydrodynamically fully developed 
and uniform at the melting/freezing temperature of 

the phase change particles when it enters the heat 
transfer section. The model developed in this paper 
can also be used in case the suspension is subcooled 
as it enters the duct, but the analysis has been limited 
to the zero subcooling case in order to reduce the 
number of parameters. 

(3) The particles are rigid inert spheres with density 
approximately equal to that of the suspending fluid. 
Though this condition may not be achieved under all 
conditions, stratification and sedimentation can be 
minimized by using microcapsules of very small 
diameters. 

(4) The slurry is assumed to be homogeneous and 
therefore has constant bulk properties, except for the 
thermal conductivity which is a function of the local 
shear [1 l-131 and varies across the flow field. This 
assumption is valid when the particle-to-duct diameter 
ratio is small [18, 191. For low particle-to-duct diam- 
eter ratios, radial migration effects are also negligible 
[20, 211. For suspensions of very small particles (O.l- 
20 pm) which are often flocculated, the degree of 
uniformity may be increased by adding a suitable 
dispersing agent [22]. 

(5) The wall effect, which creates a particle-free 
layer next to the wall, is assumed to be negligible. This 
is valid for a small particle/duct diameter ratio since 
the particle-free layer is approximately 0.5-l particle 
diameter [21. 231. 

(6) The coating of the particles is very thin, and the 
particles therefore consist entirely of the phase change 
material. This is not actually achieved in practice 

where the encapsulating material may be lG20% of 
the total microcapsule volume. However, in most 

cases, errors can be expected to be quite small as long 

as the concentration is defined based on the actual 
volume of the phase change material. Any further 
corrections in the bulk properties due to the encap- 
sulating material should be negligible since its mass 
fraction in the slurry is only of the order of 5%. 

Based on the above assumptions the governing equa- 
tions are : 

Velocity projile 

u= 224, I- ; 
2 

L 01 
Energy equation 

(1) 

with the following boundary conditions : 

T = T, at r = R,, 

for constant wall temperature (3a) 

aT qw ~= _- 
dr k,, 

at r = R,, x > 0, 

for constant wall heat flux (3b) 

3T 
p=O 
Sr 

at r=O, x>O (3c) 

T=T, at x=0, r<R, (W 

rp = R, at x = 0. (34 

The density and specific heat in this equation are those 
of the slurry, and are evaluated by the weighted mean 
method. The thermal conductivity is an effective value 
which includes microconvection due to the eddy 
motion of fluid around the particles. The heat source 
function S is the result of the change of phase in the 
suspended particles. These are discussed in greater 

detail below. 

Thermal conductivity 
The thermal conductivity of static dilute suspen- 

sions, kh, can be evaluated from Maxwell’s relation 

[241 

k, 2 + k,/kf + 2c(k,/kf - 1) 
p= 
kr 2+k,/k,-c(k,/k,- 1) 

(4) 

Because of the enhancement created by the particle/ 
fluid interactions, the effective conductivity of flow 
slurries is higher than that predicted by equation (4). 
Lea1 [25] studied conductivity enhancement in 
dilute suspensions at very low particle Peclet numbers 
and obtained the following relation, for suspensions 
with equal particle and fluid conductivity : 
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k 
2 = 1 + 3.oc Pej.5 
kr 

where Pe, is the particle Peclet number 

Nir and Acrivos [26] applied a similar model to dilute 
suspension flow at very high particle Peclet numbers 
and obtained a relation 

where A is a constant the value of which may be 
determined experimentally. Sohn and Chen [ 131 con- 
ducted experiments at moderate Peclet numbers and 
proposed a correlation of the form 

where F is an undetermined function. Based on the 
results discussed above, a general correlation of the 
form 

(9) 

is used in this study. Constants B and m, the values 

of which depend on the particle Peclet numbers, have 
been evaluated as follows. At low Peclet numbers, the 
values are those given in equation (5), i.e. B = 3.0 and 
m = 1.5. At high Peclet number, the value of m is 
obtained from equation (7), i.e. m = l/11. The exper- 
imental results from ref. [ 131 are then used to evaluate 
Band m at moderate Peclet numbers, which come out 

as 1.8 and 0.18, respectively. In order to reduce the 
wall effects, only the data of the polystyrene sus- 
pensions with larger channel gap to particle diameter 
ratio were used to obtain the above values. From the 
intersection between the curves of low and moder- 
ate Peclet numbers, the low-to-moderate transition 
Peclet number was found to be approximately 0.67. 
For higher particle Peclet numbers, Sohn and Chen’s 
[13] data seem to show a transition at a Peclet number 
of about 250. Using this transition value, B for the 
high Peclet number region was found to be 3.0. The 
final correlation for the entire range is shown graphi- 
cally in Fig. 2. 

An alternative approach to obtain the effective ther- 
mal conductivity would be to use a power-law model 
for the thermal conductivity as done by Sohn and 
Chen [ 141. The above correlation is then a special form 
of the general power law model. Since the problem of 
effective thermal conductivity of suspensions is still 
essentially unresolved, such an approach would seem 
to be more appropriate. Nevertheless, the use of an 
explicit relation as above has the advantage of reduc- 
ing the number of parameters related to the problem. 
In addition, the actual errors caused by the use of the 
above thermal conductivity relation is quite small even 

in the absence of phase change as shown in a later 
section. Once phase change is taken into account, any 
effects are marginal, since results show that the effect 
of particles on the Nusselt number is very small as 
compared to those related to the phase change 
phenomenon. 

Heat source S 

The source S represents heat released or absorbed 
by the phase change process in the particles. It is 
obtained from the product of the heat generation or 

absorption rate per particle and the number of par- 
ticles per unit volume of the slurry. Since the local 
Stefan number of the phase change process involving 
small spheres is generally low, the heat transfer rate 
per particle is evaluated as follows : 

0, = pp V,L = 4nk,(Tm - T) 1-(1:& (IOa) 

where p5 is the rate of change of the volume of the 
solid phase in the sphere 

ri, = - 4nr,? dr,ldt (lob) 

and the interface location in the microcapsule. rp (Fig. 

l(b)), is given by Tao’s [27] solution 

t, = (1-r;,)/2+(1-v;,)(~p-1)/3 (1Oc) 

where R, is the particle radius, t, the non-dimensional 

time given by t(cc,/(Ri))(C,(T,,- T)/L), and 8, = 
k,/h,R, = l/Bi,. The heat source term therefore 

becomes 

where N is the number of microcapsules per unit vol- 

ume. 
The heat transfer coefficient around spheres can be 

evaluated from the conduction model based on the 
effective thermal conductivity which includes the 
effects of molecular diffusion and eddy convection 
around the particles. This leads to 

(1-a 

The stage of freezing of an individual particle, i.e. the 

value of rp,, can be determined from a heat balance 
equation given below. The left-hand side represents 

the energy released by the phase change process in a 
particle, and the right-hand side is the cumulative heat 
transfer between that particle and the surrounding 
fluid 

which can be rearranged as 
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FOG. 2. Thermal conductivity enhancement as a function of particle Peclet number and particle 
concentration. 

It must be noted that the above equations are valid where 
for both the melting and the freezing case since Tao’s 
[27] solution, which was obtained for freezing in a 
sphere, is also valid for melting if natural convection 
effects are neglected. Previous studies have already 
shown that natural convection is negligible for very 
small spheres [29, 301. 

The governing equations developed are first non- For constant wall temperature 
dimensionalized using the following dimensionless 
variables : Br’ = Brinkmann number = 

WA 

2kb(Tw - Tm) 
Y 

r,=-, 
RI 

x u 
x, = 

R,(Re Pr), ’ ” = c 

for constant wall temperature 

(14) 

(Isa) 
r pi = 

(W 

(17b) 

(17c) 

(17d) 

(18) 

(19) 

e= (TIC-T) 
(~,“~~/k~) ’ 

for constant wall heat flux. Wb) YPI 
dx, “j 

1 --(I -p)r,, (‘-9~ 1 
The non-dimensional velocity profile retains an iden- 
tical form as equation (I), and the energy equation 

(2Oa) 

becomes where 

Ste,,r = bulk ‘Stefan number’ 

(16) 

Glow-TInI sensible heat of slurry 

= CUP,lP,) = ‘latent heat’ of slurry ’ 

(20b) 



For the constant wall heat flux 

&. = J!!L 
2&q,+ 

k,& 
SJ = -3Ck,R$ 1 -&Jr,,, @ 

rpl = 

where 

where d= A.x,/(Ar,)‘, n is the mesh point index in 
the .x,-direction, i the mesh point index in the r,- 

(21) direction = 0, 1, 2,. , I. 
Equations (25a) and (26) are applicable for every 

(22) 
mesh point except the ones along the centerline. 
Inspection of energy equation (2.5a) reveals that the 

v, 
-LL- dx, “’ 

terms involving the division of 6Hj&, by r, on the 

I-(]-~~)~~,~-~~- 1 

right-hand side of the equation are indeterminate of 
the form O/O at the center. By applying L’Hospital’s 

(23) rule to (~~~~~,)~~, as r, approaches zero, the 
differential and difference energy equations reduce to 

In the present problem, only the case where axial 
conduction is negligible, i.e. when the bulk Peclet UI.0 n1.0 

number, Pe,, is greater than 100 [ZS], is considered. 
For small Brinkmann numbers, the viscous dis- 

(27b) 

sipation can be neglected, and the energy equation where the boundary condition CL, = 0, and 

reduces to (~~~~r,) = 0 due to symmetry have been used. The 

heat source, equations (18) and (22), is expressed in 
the form 

s ‘;:I = C$+j’(l -cl:+‘), 
(254 

for constant wall temperature 
The boundary conditions, (3a)-(3e), become 

O=l at r,=l,.u,>O, 
S ,,+I 

I., 
= _c;,;,1p+ I i 1 

for constant wall heat flux 
forconstant wall temperature (25b) 

where 
cw 1 - = .._ 
ar, .fw 

at r, = 1, x, > 0, 

forconstant wall heat flux (25~) 

i:=O at r, =O, _y, >O (25d) 
’ I 

B= 1 at x, =O, Y, < 1, 

for constant wall temperature (25e) 

0 = 1 at x, = 0. Y, < I, 

for constant wall heat flux (25f) 

r p, = 1 at _Y, = 0. (25g) 

~iscretizatio~ ef ~o~~ernilz~ equations 

An analytical solution for the governing equations 
cannot be obtained because of the complexity of the 

(284 

(28b) 

(29) 

Equations (28) and (29) are applicable to any mar- 
ching step in .Y, during which the particles have not 
completely melted or frozen. For the marching step 
during which complete phase change takes place, the 

source term becomes 

for constant wall temperature 

(304 

S,; = - 2% 2 , for constant wall heat flux. 
b I 

W’b) 
source term. A numerical solution using an implicit 

finite difference method was therefore used. The 
Finally, in the fully melted region, Sri = 0. 

energy equation (equation (25a)) can be written in a 
The system of different equations are now solved 

difference form as 
simultaneously at each marching step. Since the 
coefficient matrix of the system is tridiagonal, it can 

_ 2!?! _ .@ _ I’ ?!& be solved by using the Thomas algorithm. However, 

Ul.6 m 1.; U1.r ar1 > ()‘I+: I- I since the coefficient C,,,i is a function of rpl which is 
an implicit function of temperature, it is solved in an 
iterative fashion 

~erl~cat~on ?f~lodei and code 

O:,t; = e: + 2%: ’ ;, Asi (26) Table 1 summarizes the comparison between ana- 
lytical solutions and the present numerical solutions 
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Table 1. Comparison of analytical and numerical mean Nusselt numbers 

Analytical 
solutions” 

tl brn Nn, fI bm 

Present work 
Nu,~ Nu,’ Nu,~ 

0.00 1 0.9618 19.50 0.9620 22.06 20.65 19.37 
0.01 0.8362 8.943 0.8364 9.254 9.180 8.932 
0.04 0.6280 5.815 0.6282 5.906 5.926 5.811 
0.10 0.3953 4.641 0.3954 4.685 4.718 4.639 
0.20 0.1897 4.156 0.1898 4.184 4.220 4.154 
0.40 0.04393 3.906 0.04401 3.929 3.965 3.904 

a From ref. [34]. 
‘From equation (32), wall temperature gradient evaluated from second-degree 

polynomial. 
‘From equation (32), wall temperature gradient evaluated from first-degree 

polynomial. 
‘From equation (34) 

for pure fluid flow. The mean Nusselt number in the 
last column in Table 1 is calculated from [28] 

which is applicable to single phase flow without a heat 
source only. The numerical Nusselt number based on 
a first degree polynomial appears to be more accurate 
at small X, but less accurate at large x, compared to 
a second degree polynomial. All the Nusselt numbers 
for slurry how with phase change were obtained based 
on a first degree polynomial approximation. 

Figures 3-5 show the comparison between the mean 
Nusselt numbers obtained from the present numerical 
method for a slurry flow without phase change and 
the experimental results [l 11. The relatively higher 
experimental values may be caused in part by the 
viscosity variation since the difference between the 
wall and average fluid temperature was relatively 
large. To account for such effects, the correction 

factor, (/*~AY’~, from ref. [31] was initially used. 

Introduction of the correction factor to the numerical 
results brings the mean Nusselt numbers in Fig. 3 to 
within 6% for c = 0.046 and within 12% for 
c = 0.088, and brings the results in Fig. 4 to within 
9%. Unfortunately however, this adjustment creates 
even larger discrepancies for results in Fig. 5, and 
further explanation is obviously required. 

Two features of the experimental results suggest a 
possible explanation. First, the flow shown in Fig. 5 
is well into the thermally fully developed region while 

those in Figs. 3 and 4 are still in the developing stage. 
Secondly, the influence of concentration appears to 

be substantially weakened for the results in Fig. 5. 

These observations suggest that the radial migration 
effects may be significant since the particle/duct 

diameter ratio is not sufficiently small. The effects 
are more appreciable when the slurry flows further 
downstream and the particles more further away from 

the wall. The extent of the effects cannot be evaluated 
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FIG. 3. Comparison of numerical results and experimental results of Ahuja [l l] for heat transfer in a circular 
duct. Suspension : 100 pm polystyrene spheres in 5.2% aqueous NaCl solution. Duct diameter = 0.002 m. 

Duct length = 0.4 m. Constant wall temperature. 
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FIG. 4. Comparison between numerical results and experimental results of Ahuja [ 1 l] for heat trarisfer in 
a circular duct. Suspension: 100 pm polystyrene spheres in 20% wt. aqueous glycerine solution. Duct 

diameter = 0.002 m. Duct length = 0.4 m. Constant wall temperature. 

quantitatively because the Reynolds numbers are out- 
side the range of the model developed in ref. 1201. 

Further investigation is needed in this area. 
Another possible reason for the discrepancy lies in 

the definition of a ‘dilute’ suspension. The theoretical 
models used in deriving the above correlation consider 
a dilute suspension where effects of particle-to-particle 
collisions are neglected. Since the concentration limit 
for dilute suspensions is uncertain, it is quite possible 
that the errors are due to the assumption that the 
suspensions studied in ref. [ 1 I] were dilute. 

In order to verify numerical convergence of the 
solution, a number of test runs have been performed 

for different grid sizes. For the constant wall tem- 
perature boundary condition, it was found that the 
solutions converged for r, and x, step sizes of 0.025 
and 0.00005, respectively. On the other hand, the solu- 
tion for the constant wall heat flux boundary con- 
dition required much finer grids with r, and x, of 
0.00625 and 0.00005, respectively. These were the final 
grid sizes used to obtain the results for the two cases. 

RESULTS AND DISCUSSION 

The parameters for the present problem are the 
volumetric particle concentration, the bulk ‘Stefan 

-------- 0 A 
---------- 

Pure fluid flow 

Particle concent. = .046. Present work 

Particle content. = ,088. Present work 

Particle conoent. 10 .046, arpsrimantal 
Particle conc*nt. - .088. exp*rimsntol 

o,&--- : 
.125 .I50 .I75 .200 .225 .250 .275 .300 

DIMENSIONLESS AXIAL DISTANCE X/RRePr 

FIG. 5. Comparison between numerical results and experimental results of Ahuja [l l] for heat transfer of 
suspension in a circular duct. Suspension: 50 pm polystyrene spheres in 5.2% aqueous NaCl solution. 

Duct diameter = 0,001 m. Duet length = 0.55 m. Constant wall temperature. 
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number’, the duct/particle radius ratio, the particle/ 

fluid thermal conductivity ratio, and a modified 

Peclet number Pe,(R,/R,)2. The effects of these par- 
ameters were studied in the ranges of parameter values 
typical for low temperature applications (< 100°C) : 
0.1 < (‘ Q 0.25, 50 d RJR, < 400, 0.25 < Pe,(R,/ 
R,)’ < 4.0, 0.25 < k&k,- < 4.0, and 0.25 Q Ste, < 

2.0 for the constant temperature case and 1.0 < 
Ste, < 5.0 for the constant heat flux case. 

The solutions are presented in terms of mean Nus- 
selt number (for constant wall temperature), local 
Nusselt number (for constant wall heat flux), bulk 
mean temperature, and ‘interface’ location. These 
four sets of information are necessary for thermal 
design as demonstrated by the sample calculations in 
the Appendix. The mean Nusselt number is defined 
as 

(32) 

where qw is the mean wall heat flux and AT,, the 
log mean temperature difference. The local Nusselt 
number is defined as 

2&k 2 
NU,=~=------. 

k, 8, - Qbm 
(33) 

The graphs of ‘interface’ location, which are expressed 
in terms of dimensionless distance z, from the duct 
wall to the ‘interface’, show the progress of the phase 
change process in the axial direction. The approximate 

proportion of particles already melted or frozen at 
any cross section may be obtained from the knowledge 
of ‘interface’ location since this melted fraction is a 
function of the distance of the interface from the wall 

which is N {~cR~-~L(R~-z)~}/(~LR,Z) = (2-z,)z,, 
where z, = z/R,. 

Constant wall temperature 
The most dominant parameters for the problem are 

the bulk ‘Stefan number’ and the concentration. Their 
effects are shown in Figs. 6 and 7. The Nusselt number 
can be considerably improved by reducing the bulk 
‘Stefan number’, which corresponds to increasing the 
‘latent heat’ of the slurry. The effect of increasing 
the concentration is twofold : it decreases the ‘Stefan 
number’ and raises the conductivity enhancement fac- 
tor. Based on a perturbation solution for heat transfer 
from a flat plate to a phase change slurry, Chen 
and Chen [lo] had showed that the local Nusselt 

number for low Ste, is proportional to Ste;“’ 

x (1 - Ste,/6 - . .). This is also found to be approxi- 
mately true in this case for Ste, < 0.5. The effects 
of the Pe,(R,/R,)’ product and the radius ratio are 
relatively weak. For example, at x, = 0.01, the change 
in the mean Nusselt number is less than 6% when 
Pef( RJR,) ’ varies from 1 to 4, and less than 5% when 
the radius ratio varies from 50 to 200. The effect is 
greater at a lower x, and smaller at a higher x,. For 
a radius ratio in the 200-400 range, the change in 
mean Nusselt number is negligibly small. It suggests 

that for very large radius ratios, the heat transfer in 
the slurry is controlled by diffusion in the flow field 
rather than diffusion in the particles. Therefore, we 
may conclude that variation of particle size due to 
the manufacturing process is not very critical to the 
thermal characteristics of phase change slurries. The 
effect of the conductivity ratio is essentially negligible 
in the range of the present study and may be com- 
pletely dropped from the parameter group. 

In general, the mean Nusselt number for the phase 
change slurry flow is about 1.5-2.5 times higher than 

.- ___- . . . . . 

e completion of phase change procear 

3.81 

DIMENSIONLESS AXIll DISTANCE. X/RRoPr 

FIG. 6. Effect of concentration on mean Nusselt number: constant wall temperature. k&k, = 4, 
Pe,-(R,/Rd)* = 1 .O, RJR, = 100, Ste, = 0.5. 
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o completion of phase change procers 

3.81 

01 - I : -:: 
10-3 10-Z 10" 100 

DlYEWSlDNlESS AXIAL DISTANCE, X/RRaPr 

FIG. 7(a). Effect of Stefan number on mean Nusselt number : constant wall temperature. c = 0.15. 
k,/kf = 4.0, Pef(R,/RJ2 = 1 .O, RJR, = 100. 

o completion of phase change process 

_---_ 
-- 

5.06 
‘3.70 

Ol 1 
to-3 10'2 10" 100 

DIMENSIONLESS AXIAL DISTANCE, X/RRaPr 

FIG. 7(b). Effect of Stefan number on local Nusselt number: constant wall temperature. c = 0.15, 
k,/k, = 4.0, Pef(R,/RJ2 = 1 .O, R,/R, = 100. 

that of the pure fluid flow (Fig. 7). In addition, in the 
slurry system, the wall/fluid temperature difference is 
maintained substantially higher than the single phase 
flow as shown in Fig. 8. Therefore, a heat flux of about 
24 times higher than that of the single phase flow 
may be achieved by the phase change slurry system. 
Sample calculations in the Appendix show the com- 
parison in terms of dimensional quantities. Once all 
the particles are completely melted, the effect of 
enhanced thermal conductivity due to micro- 
convective effects tends to quickly lower the bulk 
mean temperature. This causes the mean Nusselt num- 
bers to rise at the same period as can be seen at the 
ends of the curves in Fig. 7. 

Constant wall heat flux 
The effects of parameters discussed earlier in this 

section were found to be similar to the case of constant 
wall temperature. Figure 10 shows that the local Nus- 
selt number is about 1.54 times higher than the single 
phase flow. Moreover, the bulk mean temperature rise 
is effectively suppressed to about half of the single 
phase flow. The combined effects can be utilized in 
the forms of flow reduction, or more effective control 
of the wall temperature as demonstrated by sample 
calculations in the Appendix. 

It is interesting to note that the local Nusselt num- 
ber decreases until all the particles become completely 
melted. After that it rises slightly and then remains 
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1.2 . . . . 

.20-. 
I) completion of phase change process 

10'2 10-l 

DMNSIDNLESS AXIAL DISIANCE. X/RRaPr 

FIG. 8. Effect of Stefan number on bulk mean temperature : constant wall temperature. c = 0.15, k,/kf = 4.0, 
Pe,(R,/&)* = 1.0, RJR, = 100. 

constant. Such characteristics can be explained clearly 
from examination of the temperature profile devel- 
opment in Fig. 13 along with equation (33). During 
the period before the phase change completion, the 
profiles change such that the flat portion is shortened 
(see curve of Ste, = 1.00, for example), therefore, 
&-O,, increases and Nu, decreases. After the com- 
pletion, the profiles flatten, 8,- &,, decreases, and 
hence Nu, increases. The profiles finally become fully 
developed, and 0, - &,, and Nu, remain constant. 

Pressure drop in slurryjlow 
In laminar duct flow of Newtonian fluid, the press- 

ure drop is a linear function of fluid viscosity. For 
slurries which can be treated as Newtonian homo- 
geneous fluids, the pressure drop may be calculated 
from the same relationship [18]. At higher con- 

centrations, however, slurry flow characteristics may 
slightly deviate from the single phase flow [ 1 I]. Since 
the presence of particles in a fluid results in higher 
bulk viscosity than that of the suspending fluid, press- 

ure loss in a slurry flow is greater than a single phase 
flow under the same flow condition. The viscosity of 
a slurry may be calculated from [32] 

t = (1 -c-1.16~~)~~ ‘. (34) 

In the concentration range of 0.10-0.20, the bulk vis- 
cosity is about 1.3-2.0 times higher than the sus- 
pending fluid. Therefore, the pressure drop is expected 
to be greater by the same proportion. This pressure 
loss penalty is however minor compared to the mag- 
nitude of the heat transfer enhancement shown in the 
Appendix. 
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DIYENSIDNLESS AXIAL DISlANCE,.X/RfhPr 

FIG. 9. Effect of Stefan number on interface location : constant wall temperature. c = 0.15, /C&/C, = 4.0, 
PeXR,/R,) * = 1 .O, RJR, = 100. 
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FIG. 10. Effect of Stefan number cm local heat Aux: constant wall heat Aux, c = 0.15, k,lkr = 4.0, 
PeXR,/RJ2 = 1 .O, &JR, = 100. 

fetion of phase change process 

100 

DiYENSlONLESS AXlIt DISTANCE 

FIG. 11. Effect of Stefan number on bulk mean temperature : constant wall heat flux. c = 0.15. k,/kf = 4.0, 
Pq(RJR# = 1.0, &JR, = 100. 

DIMENSIONLESS AXIAL DISIANCE, X/RRePr 

FIG 12. Effect of Stefan number on Interface location: constant wall heat flux. c = 0.15, k,/kr = 4.0, 
Pe&jRd)’ = 1.0, R&T, = 100. 
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Xl = .050 Xl = ,150 Xl = ,250 

FIG. 13. Temperature profiles of phase change slurry flow compared to single phase flow at various axial 
locations along a duct : constant wall heat flux. c = 0.15, k,/kf = 4.0, Pe,(R,/R,)2 = 1 .O, R,/R, = 100. --, 
single phase flow ; ---, Ste, = 1.0; ----, Ste, = 2.0; -----, Steb = 3.0; ------, Steb = 5.0. 

SUMMARY 

The governing equations for heat transfer of micro- 

encapsulated phase change material slurry flow in 

circular ducts have been formulated. Heat generation 
(or absorption) due to phase change in the particles 
was included in the energy equation as a heat source. 
The enhancement of thermal conductivity due to the 
particle/fluid interactions was also taken into con- 
sideration. The dimensionless parameters are the bulk 

‘Stefan number’, the particle concentration, a modi- 
fied Peclet number, the particle-to-tube radius ratio 
and the conductivity ratio. 

The bulk ‘Stefan number’ and the concentration 
are the most dominant parameters. The effect of 
Pr,-(R,/RJ’ is relatively weak. The effect of the radius 
ratio is also weak but noticeable in the range of 50- 
200 and neghgible for the ratio in the range of 200- 

400. It suggests that the variation of the particle size 
due to manufacturing processes is not critical to the 
thermal performance of the phase change slurry 

system. 
The results show that the slurry system can effec- 

tively enhance the heat transfer coefficient and sustain 
the fluid temperature. Such improvements may be 
utilized in the form of increased heat transfer rate, 

flow reduction, or more effective control of the wall 

temperature. 
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APPENDIX: SAMPLE CALCULATIONS 

The calculations described below demonstrate the appli- 
cation of the present results and compares the performance 
of the phase change slurry system (I 5% concentration of 500 
/cm microcapsules) with the single phase flow under specified 
conditions. The following materials are used in the ca- 
culations : Huid, Fluorinert FC-77, property values as given 
by 3M Corp. ; phase change material, Na,HPO,. 12H,O, 
property values taken from ref. [33]. 

Constant wall temperuture 
Given a tube with length L = 0.5 m and diameter D = 5 

mm. It is used to remove heat at a rate of yu = 0.191 W 
cm -‘. Calculate and compare flow rate required for the 
slurry flow and the single phase flow. Assume an inlet 
temperature and a wall temperature of 20 and 32.5-C. 
respectively. 

Constant wail heat,flux 
Given a tube with length L = 0.5 m and diameter D = 5 

mm. It is used to remove heat which is generated at the rate 
of qw = 0.214 W cm-l. Calculate and compare flow rate 
required to maintain the wall temperature not higher than 
45’C using the slurry and a single phase fluid. Assume 
the fluid enters the heat transfer section at temperature 
T,, = 25’ C. 

Solution 
The solution technique for a slurry flow is completely 

analogous to that used for similar problems with a single 
phase fluid. Only the case for constant wall temperature will 
be solved here. 

Phase change slurry,flow (constant wall temperuture) 
Before starting the actual calculations, evaluate the Stefan 

number, 0.4. 
Steps of calculations : 

(1) Guess mean velocitv u.,. 
(2) Calculate Pe,(R,/&)2”i and Pe, = u,D/Q and xr = 

2L/(D Pe,). 
(3) Read Nu, and T,,,, from graphs, Figs. 7 and 8, for 

example. 
(4) Calculate h, = Nu, k,/D 

AT,, = (AT,, - AT,,,)/ln (AT,,IAT,,,). 
(5) Calculate 4‘ = h,AT,,. 
(6) Compare qc with q,, if clc = yw then answer : 

if q, > (I~ then reduce velocity and go to I 
if qc < qw then increase velocity and go to I. 

The calculation steps above yield the following results : vel- 
ocity = 0.022 m s- ‘, outlet temperature = 22.4”C. 

The results of both the problems posed above are sum- 
marized in Table Al. 

Table A I. Summary of the comparisons 

Heat flow Fluid flow AI‘ 
(W cm-‘) rate (m s- ‘) (“C) 

(I) Constant wall temperature 
Single phase 0.191 0.19 2.2” 
Slurry 0.191 0.022 2.4 
Slurry 0.449 0.19 I.6 

(2) Constant wall heat flux 
Single phase 0.214 0.27 20h 
Slurry 0.214 0.026 20 
Slurry 0.214 0.27 5.4 

” Fluid temperature rise. rr _“,, I - TF ,,“, 
h Tu>u, - T,,n. 
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CONVECTION THERMIQUE FORCEE DANS DES BOUES ENCAPSULEES ET A 
CHANGEMENT DE PHASE: ECOULEMENT DANS DES CONDUITS ClRCULAlRES 

R&me-On presente les caracteristiques d‘un ecoulement boueux de materiau a changement de phase et 
cncapsule. L’equation d’energie est form&e en prenant en compte l’absorption de chaleur (ou la liberation) 
due au changement de phase et l’accroissement de conductivite induit par le mouvement des particules. La 
source thermique ou la fonction source de chaleur dans I’equation de l’energie est obtenue a partir des 
solutions de solidification ou de fusion dans une sphere La correlation pour la conductivite effective de la 
boue est basee sur des rtsultats analytiques et exptrimentaux disponibles. Les parametres actifs sont la 
concentration en particules. un nombre global de Stefan, le rapport des rayons conduit/particulc, le rapport 
des conductivites particuleifluide et un nombre de P&let modifie. Pour les applications a temperature 
bassc. on trouve que les parametres dominants sont le nombre global de Stcfan et la concentration. Les 
solutions numeriques montrcnt que lcs flux thermiques peuvent etre 2 Li 4 fois plus grands que dam un 

tcoulement monophasique. 

WARMEUBERGANG BEI ERZWUNGENER KONVEKTION IN EINEM GEMENGE AUS 
MIKROGEKAPSELTEM SCHMELZBAREM MATERIAL : STRiiMUNG 1N 

KREISRUNDEN KAN#LEN 

Zusammenfassung-In der vorliegenden Arbeit werden Ergebnisse fur den Warmelbergang in einem in 
kreisrunden Kanalen striimendem Gemenge aus mikrogekapseltem schmelzbarem Material vorgestellt. Die 
Energiegleichung wird formuliert, wobei sowohl die Absorption (oder Freigabe) von Wirme infolge des 
Phasenlnderungsvorgangs als such die Erhiihung der Warmeleitfahigkeit infolge der Partikelbewegung 
beriicksichtigt werden. Der funktionale Ansatz fiir die Wlrmequellen oder die WSrtneerzeugung in der 
Energiegleichung ergibt sich aus Liisungen fur Erstarrungs- oder Schmelzvorgange in einer Kugel. 
Die Korrelationsgleichung fiir die effektive Warmeleitfahigkeit im Gemenge wird aufgrund verfiigbarer 
analytischer und experimenteller Ergebnisse ermittelt. Die wichtigsten EinfluDgrijBen sind die Partikel- 
konzentration, die Stefan-Zahl des Gemenges, das Radienverhaltnis von Kanal und Partikeln, das 
Verhlltnis der Wlrmeleitfahigkeiten von Partikeln und Fluid sowie eine modifizierte Peclet-Zahl. Bei 
niedrigen Temperaturen dominieren die Einfliisse der Stefan-Zahl und der Konzentration. Die numerischen 
Ergebnisse zeigen, dal! die WLrmestriime ungeGhr zwei- bis viermal grader sind als bei einer einphasigen 

Striimung. 

BbIHSPlKflEHHOKOHBEKTHBHbIH TEHJIOHEPEHOC B CYCHEH3HIIX MHKPOKAHCYn, 
COAEPXALLHJX MATEPHAJI C @A3OBbIM I’IEPEXOAOM: TEgEHAE B KAHAJIAX 

KPYl-JIOFO CE’JEHMII 

AHIIOT~~H-~~~~OA~ITC~I xapaxreprinercu rennonepeuoca npu re~emiri cycneesuti Mmcpoxancyn, 
conep~amux Marepuan c tJa30nbrM nepexonohl, B xauanax xpyrnoro ceSemi5r. Ypamietine coxpartemir 
3HeprHH @OpMyJIHpyeTCK C y'IeTOM KaK nOrJIOWeHEiII (BbIAeJIeHnR) TeIIJ?& 06yCnoBneHHOro IIpOl,eCCOM 

$a30BOrO rIepeXOAa,TaK n C y'ieTOM yBe,IIlYeHnK TerUIOIIpOBOAHoCTn,BbI3BaHHOrO ABnmeHneM VaCTnU. 

MC~OYHNK renna anlr +yH~qnK TennoBbIAeneHns B ypanHeHnH coxpaHeHnr suepree onpenenaercn 83 

peUIeHnfi,onncbIBa~UlHx3aMep3aHnennn nnaBAeHne~C~epe.06o6IAawtIleecooTHoIIIeHneAAK3@$eK- 

~n~~0iiTe11~1onpo~oAHocT~cycneH3nn nonyqeeo HaocHoBemieIoImixcKaHamTwiecK~x~ 3KcnepaMew 

TaJlbHbIX pe3yJIbTaTOB.HatiAeHo,'ITO OrIpeAeJIKIOIAMn IlapaMeTpaMn IIBJDIIOTCR KOHUeHTpaIJnR SaCTnU, 

06beMHOe wicno CTe+aHa, 0THoweHee panmycoa xarrana n Sacrmr, ornomemie rennonpononrrocru 
vacrmt n XHAKOCTH,~ TaKXe Mona$siuaposaHHoe qlicno Herne. 06Hapyx(eHO,S~o npn HH~KBX TeMne- 

paTypax AoMnHnpywuuiMn napabieTpaMn sn3nsno~cK 06seMHOe sncno CTe+aHa n KoHueHTpaunR. 9nc- 
AewbIe pelrreHnr noKa3blBaIoT, 'IT0 B TaKIiX CyCneH3nOHHbIX CnCTeMaX MOryT 6bITb AOCTWHyTbI 

TennoBbIenoToKn,3HaSeHmKoTopbIx ~24pa3a EbIme,=IeM npnoAHo+a3HoMTe9eHnn. 


