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A physical model for laminar forced-convection heat transfer of microencapsulated phase-change-material

suspension in a circular tube with constant heat flux has been presented in this paper. Suspensions of aqueous

solution andwatermicrocapsules are tested. The energy equation is formulated by taking into consideration the heat

absorption due to the phase change process. The physical model was validated with the results available in the

literature. The influence of various factors is analyzed in detail.

Nomenclature

c = heat capacity, J � kg�1 � K�1
D = tube diameter, m
f = liquid fraction
h = local heat transfer coefficient, W �m�2 � K�1
hp = heat transfer coefficient between the particle and the

working fluid, W �m�2 � K�1
k = thermal conductivity, W �m�1 � K�1
L = length, m
LF = latent heat of melting of the ice, J � kg�1
Pe = Peclet number
qw = total heating rate, W
q00w = wall heat flux,W �m�2
R = radius of circular tube, m
Re = Reynolds number
r = microcapsule radial coordinate, m
ri = radius of phase change material core, m
rp = radius of particle, m
rs = radius of solid–liquid interface in particle, m
S = heat source
Ste = Stefan number
T = temperature, K
Twx = dimensionless wall temperature
t = time, s
t� = dimensionless time
u = velocity in axial direction, m � s�1
um = average velocity in axial direction, m � s�1
V = volume, m3

XE = eutectic concentration
Xic = ice mass fraction
x = axial coordinate of circular duct, m
x0 = initial concentration
x� = dimensionless axial coordinate of circular duct
y = radial coordinate of circular duct, m
� = thermal diffusivity, m2 � s�1
" = volume fraction of microencapsulated particles
� = density, kg �m�3
� = dynamic viscosity, Pa � s�1

� = fractional transformation

Subscripts

a = antifreeze
E = eutectic
e = effective
f = fluid
i = initial/inlet
ic = ice
p = particle
pcm = phase change material
s = solid
w = wall

I. Introduction

I NCONVENTIONAL thermal storage systems, thermal energy is
transferred by the sensible heat of a single-phase working fluid

and is proportional to the source sink temperature difference.
Because these systems are often operated with small temperature
differences, the single-phase fluid must be pumped at a high-volume
flow rate. As a result, the system consumes a large amount of
pumping power. In such systems, the increase in the thermal capacity
of heat transfer fluid is an important problem and is of growing
concern to engineers.

Recently, researchers and engineers have investigated the effects
of incorporating phase change materials (PCMs) in secondary heat
transfer fluids with the objective of increasing thermal capacity in
district cooling application. However, wide implementation of PCM
in cooling systems has been limited by several operational factors
including clogging of pipes and limited heat transfer rates in heat
exchangers [1]. Recent developments have also demonstrated that
encapsulation of phase changematerial can be applied to circumvent
the problem associated with PCMs.

Encapsulations are usually classified by their size into macro- and
microencapsulation. Macroencapsulation comprises the inclusion of
PCM in some form of package such as tubes, pouches, spheres,
panels, or other receptacles [2,3]. These containers can serve directly
as heat exchangers or they can be incorporated in building products.
Previous experimentswithmacroencapsulation failed due to the poor
heat transfer rate. The PCM freezes on the heat exchanger surface,
resulting in a poor heat transfer rate due to the low thermal
conductivity of PCMs. To overcome this drawback, researchers have
proposed various heat transfer enhancement techniques, e.g., use of
partitions/fins, graphite/metal matrices, dispersed high-conductivity
particles in the PCM, and microencapsulation of PCM [4].

In recent years, a new approach was proposed [5,6], in which the
PCM was microencapsulated and suspended in a single-phase heat
transfer fluid to form microencapsulated phase-change-material
(MEPCM) slurry. MEPCM offers an opportunity to reduce weight
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and volume in thermal management systems by using the high latent
heat of the PCM [7–13]. Microencapsulated PCMs can also used
to regulate temperature in a variety of applications. A potential
drawback of microencapsulation is, however, that the chance of
supercooling increases.

In previous studies, the flow and heat transfer characteristics of
MEPCMslurry at laminar flow condition have been investigated by a
number of researchers. Sohn andChen [14] showed that in the case of
using MEPCM with water slurries, microconvection increases with
increasing Peclet number. Peclet number can be increased by
increasing shear rate, particle size, and decreasing fluid thermal
diffusivity. Charunyakorn et al. [15,16] conducted a numerical
simulation of microencapsulated phase change suspension flow in a
circular tubes and parallel plates for different boundary conditions
for low temperature application. Their results showed that the heat
transfer in suspension flow is dependent on the bulk Stefan number
and volumetric concentration. Their model also predicts an
augmentation of heat transfer coefficient by 1.5–3 times combined
with 40–60% reduction in temperature rise. In Charunyakorn et al.’s
model the thickness of the microcapsule’s crust was ignored. To
investigate the effect of microcapsule crust on the heat transfer in
suspension flow, Zang and Faghri [17] proposed a numerical solution
for laminar forced-convection heat transfer of aMEPCM suspension
in a circular tube with constant heat flux. They solved the melting in
the microcapsule using a temperature-transforming model instead of
a quasi-steady model. Goel et al. [18], Choi et al. [19], Wang et al.
[20], and Rao [21] conducted experimental studies to investigate the
flow and the heat transfer characteristics ofMEPCMflowing inmetal
circular tubes or in rectangular channels. The results showed that the
use ofMEPCM can reduce the rise in wall temperature of the tube by
up to 50% as compared with a single-phase fluid with the same
nondimensional parameters. Compared with single-phase fluid,
using MEPCM could significantly enhance the heat transfer in
suspension flow.

Several numerical and experimental studies [22,23] were
conducted in order to investigate the effect of PCM on the hydraulic
and thermal performance of the microchannel heat sink using PCM-
water slurries as a working fluid. Xing et al. [9] used a two-phase
flow, 2-D, axisymmetricmodel to study the performance of the liquid
flowwithMEPCM particles in microchannel tubes. They showed an
optimal wall heat flux at specified Reynolds number where the
effectiveness factor “the ratio of the total heat transfer rate of the PCM
suspension flow to the total heat transfer rate of water only with the
same inlet outlet temperature difference,” is at a maximum due to the
full melting of the PCM right at the channel outlet. The heat transfer
ofMEPCM in three kinds of tubes with coaxially inserted cylindrical
bars was numerically investigated using equivalent specific heat
model [7]. It is found that in the tubes with coaxially inserted
cylindrical bars, the heat transfer effects of MEPCM become more
and more pronounced with the Stefan number decreasing.

Several past studies also attempted to deal with flow and melting
behaviours of MEPCM in turbulent conditions. Choi et al. [19]
measured the local pressure drop and heat transfer coefficient of
turbulent phase change emulsion flow (mixture of water and PCM
with additive of emulsion) in horizontal tube with constant heat
rates. They observed a significant enhancement in heat transfer
performance due to the latent heat effect when PCM melting.
Yamagichi et al. [1] measured the pressure drop and local convective
heat transfer coefficients of turbulent microencapsulated octadecane
slurry flow along the horizontal circular pipe with constant heating
rate, and they reported that heat transfer performance of the slurry
was greatly influenced by the effects of latent heat, as were those in
the case reported by Choi et al. [19]. They also reported that such
effect also depends upon the particle fractions, degree of turbulence,
and heating rate on the tube wall.

A significant number of authors have based their work on paraffins
[24]. Choi [25] has used paraffins because their melting points are at
least a ew degrees greater than the carrier fluid (water). Alvarado [26]
conducted a series of experiments and evaluated the thermal
properties of tetradecane microcapsules with an average size of
4:4 �m. Goel et al. [18] describe experiments of MCPCMs filled

withn-eicosane inwhich the experimental conditionswere limited to
laminar flow and constant heat flux.

By far the best-known PCM is water. It has been used for cold
storage formore than 2000 years. Today, cold storagewith ice is state
of the art and even cooling with natural ice and snow is used again.
For temperatures below 0�C, usually water–salt solutions with an
eutectic composition are used. Water–salt solutions consist of two
components,water and salt, whichmeans phase separation could be a
problem. To prevent phase separation, and to achieve a good cycling
stability, eutectic compositions are used. Eutectic compositions are
mixtures of two or more constituents, which solidify simultaneously
out of the liquid at a minimum freezing point. Therefore, none of the
phases can sink down due to a different density. Further on, eutectic
compositions show a melting temperature and good storage density.
The thermal conductivity of eutectic water–salt solutions is similar to
that of water.Water–salt solutions are chemically very stable, but can
cause corrosion to other materials like metals. Most of the salt
solutions are rather safe, but should not leak in larger amounts.

A limited number of journal papers present and discuss heat
transfer for microencapsulated water or aqueous solution [27,28].
The use of the aqueous solution as PCM makes the problem of the
heat transfer in the suspension more complicated. The aim of this
paper is to analyze the forced convective heat transfer enhancement
with microencapsulated phase change slurries for laminar flow in a
circular tube with constant heat flux. Two kinds of PCM are
tested: water and aqueous solution. The physical model gives the
opportunity to access the temperature of the suspended liquid for
different positions along the axial direction of the horizontal circular
duct. Several simulations were conducted to investigate the effects of
different parameters such as the heat flux, the particle radius, the
volume fraction of particles and the initial concentration of the
aqueous solution.

II. Physical Model

We analyze the heat transfer of aMEPCM suspension flowing in a
tube subjected to constant parietal heat flux. Figure 1 shows a
schematic diagram describing the problem. The carrier fluid with
microencapsulated PCM particles enters the test section at a
temperature Ti equal to or below the phase change temperature of the
PCM to ensure that all phase changes will take place in the test
section. The following assumptions are made for the formulation of
the governing equations:

1) The maximum fraction volume fraction of microcapsules is
limited to 0.20 in order that the fluid can be considered asNewtonian.

2) The flow is assumed to be incompressible and laminar. It is also
hydrodynamically fully developed.

3) The suspension is assumed to be homogeneous.
4) The microencapsulated particles are considered to be rigid inert

spheres with density approximately equal to that of the suspending
fluid.

5) The viscous dissipation is neglected.
6) The particle free layer next to the tube wall is assumed to be

negligible.
7) The surface heat flux on the side wall is constant.
The governing equation for the energy balance of the suspension

inside the duct is written in the cylindrical coordinate system and
given as follows:

Carrier Fluid
and PCM
Particles

Heat Transfer Section
qw = const

qw = const

L

D = 2 R
y

x

Fig. 1 Schematic diagram of fluid and MEPCM particle suspensions

flowing through a circular tube under constant wall heat flux at the wall.
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Since the flow is fully developed, the following laminar velocity
profile is obtained from the momentum equation:
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with the following boundary conditions:
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The density and specific heat in Eq. (1) are those of the suspension
and are evaluated by the weighted mean method [18]:

�� 1
"

�pcm
� �1�"�

�f

(6)

c� "cpcm � �1 � "�cf (7)

where " is the volumetric concentration of suspended particles, �f is
the mass density of the working fluid, �pcm is the mass density of the
PCM, cf is the specific heat of the working fluid, and cpcm is the
specific heat of the PCM.

The thermal conductivity ke is an effective value that includes
microconvection due to the eddymotion of fluid around the particles.
Because of the enhancement created by the particle–fluid inter-
actions, the effective conductivity of flow slurries is higher than the
thermal conductivity of static dilute suspension. In our study ke is
calculated from the following formula [15]:8>>>>><

>>>>>:

ke
kb
� 1� B"Pemp

B� 3; m� 1:5; Pep < 0:67

B� 1:8; m� 0:18; 0:67 	 Pep 	 250

B� 3; m� 1
11
; Pep > 250

(8)

where kb is the bulk thermal conductivity of the suspension. It can be
evaluated from Maxwell’s relation [29]:

kb
kf
�

2� kb
kf
� 2"�kb

kf
� 1�

2� kb
kf
� "�kb

kf
� 1�

(9)

The Peclet number of the particle PeP found in Eq. (8) is [15]

Pep � 8Pef
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where Pef � 2Rum=�f and �f is the thermal diffusivity of the
working fluid.

The heat source function S in the energy equation (1) is the
result of the phase change in the suspended microparticles. This
phenomenon will be discussed in greater detail in the next sections.

III. Melting Modeling for the PCM
Inside a Microparticle

The source term S represents the heat released or absorbed by the
phase change process in the microparticles. It can be obtained from
the sum of the heat absorbed per each particle in the unit volume of
the suspension:

S� 3hp"
�Tpcmjr�rP � T�

rp
(11)

whereTP is the particle temperature,T is the suspension temperature,
and rp is the particle radius. The convection heat transfer coefficient
hp between the particle and theworking fluid can be further deduced
from [15]

hp � AP�1� B:":�mpRm� (12)

where

Ap �
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2 � 3"1=3 � " �
2� kp
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2� kp
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The values of constants B and m depend on the particle Peclet
number [see Eq. (8)].

In this investigation, local heat transfer coefficients h between the
tube wall surface and suspension flow was defined as

h� q00w
�Tw � Tmean�

(13)

where q00w is the local heat flux at the tubewall, which is defined as the
heat rate per square meter on the internal tube pipe surface, Tw is the
local inner wall surface temperature, and Tmean is the local bulkmean
temperature of the fluid over a circular test section Ac.

The mean flow temperature is mass-weighted averaged in the test
section and represented as a function of the flow direction using the
following expression:

Tmean �
R
Ac
�bucbT dAcR

Ac
�bucb dAc

(14)

where cb � cpcm:"� cf�1 � "�

A. Kinetics of the Isothermal Melting Inside the Microcapsule

Figure 2 details the regions of amelting process inside the particle.
The radius of the particle and the PCM core are rp and ri,
respectively. The particle absorbs heat by convection at its outer
surface. To follow the evolution of the interface liquid–solid rswithin
the microcapsule, the enthalpic approach is adopted [30].

The enthalpic formulation that has been described in detail by
Voller [31] rests on the partition of the volume occupied by the PCM
into a finite number of control volumes and writing the energy
conservation in spherical coordinated terms:

��c�pcm
@Tpcm
@t
� 1

r2
@

@r

�
r2kpcm

@Tpcm
@r

�
� �pcmLF

@f

@t
(15)

where f is the liquid fraction in the particle andLF is the latent heat of
fusion.

PCM solid

PCM liquid

interface

rp

ri rs

PCM solid

PCM liquid

interface

rp

ri rs

Fig. 2 Melting process in a particle.
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The initial and the boundary conditions are specified by

Tpcm�r; 0� � Ti and f�r; 0� � 0 (16)

�
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r�0
� 0 (17)

� kpcm
�
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�
r�ri
�
Tpcmjr�ri � Tpcmjr�rp

Renv

�
Tpcmjr�rp � T

Rf

(18)

whereRenv is the thermal resistance of themicrocapsule’s crust,Rf is
the thermal resistance for convective exchange between the
microcapsule’s crust and the working fluid:

Rf �
1

4�r2php
; Renv �

1

4�kp

�
1

ri
� 1

rp

�
(19)

where kP is the thermal conductivity of the microcapsule’s crust.

B. Kinetics of the Nonisothermal Melting Inside the Microcapsule

Figure 3 shows the equilibrium phase diagram for water–salt
solution (NH4Cl � HO2) system. The symbols L, S, and L� S
denote the liquid phase, the solid phase, and the solid–liquid two-
phase, respectively. The lowest temperature possible for liquid salt
solution is�15:7�C. At that temperature, the salt begins to crystallize
out of solution, along with the ice, until the solution completely
freezes. The frozen solution is a mixture of separate solute crystals
and ice crystals. This mixture is called eutectic mixture. If the ice,
salt, and salt–water are present in the binary mixture, and their
amounts are not changing over time we must be at the eutectic point
(TE ��15:7�C and XE � 0:195). If the solute mass fraction Xa is
lower than XE the ice mass fraction Xic can be calculated from the
liquidus temperature of the binary mixture solution, which is a
function ofXa:

Tpcm � Tpcm�Xa� (20)

Once the initial mass fraction of solute in the binary mixture solution
before freezing x0 and temperature are known, the equilibrium ice
mass fraction is calculated with the following relation:

Xic�Tpcm� � 1 � x0
Xa�Tpcm�

(21)

where Xa�Tpcm� is calculated from the liquidus curve, the inverse of
Eq. (20).

To obtain the governing equations of the isothermal and
nonisothermal melting of the binary mixture (i.e., the ice–water–salt
solution), the following assumptions are made in formulating the
governing equations:

1) The PCM temperature is assumed to be homogeneous inside the
microcapsule.

2) The microcapsule’s crust is negligible.
During the isothermal melting (i.e., eutectic melting Tpcm � TE),

the exchanged heat proceeds from the fraction of crystal that is
melting:

�pcmLF
@Xic

@t
�� 3

ri
hp�T � TE� (22)

During the nonisothermal melting (i.e., progressive melting), the
appropriate energy equation for the binary mixture is

��c�pcm
@Tpcm
@t
� �icLF

@Xic

@t
� 3

ri
hp�T � Tpcm� (23)

In the above equation, the unknowns are only the temperatures Tpcm
because the ice mass fractions are themselves function of the
temperatures according the Eq. (21).

C. Heat Exchange Before and After the Melting Process

To describe the heat exchange between the microcapsules and the
working fluid before and after themelting processwe assume that the
PCM temperature is homogeneous in the particle. So the energy
equation of the PCM inside the particle is given by

��c�pcmVpcm

@Tpcm
@t
�
T � Tpcmjr�ri
Rf � Renv

�
T � Tpcmjr�rp

Rf
(24)

where Vpcm is the volume of PCM inside the microcapsule.

D. Numerical Methodology

Using the control volume approach, the coupled energy
equations (1) and (15) are integrated over the control volumes in
the �x; y� plane and in the r direction, respectively. The time
integration has been performed fully implicitly and control volumes
of a uniform size and constant time steps were used. The basic
principal in a numerical scheme based on a volume discretization of a
grid of nodes is to arrive at a set of algebraic equations that relate the
value of a dependent variable at a given node P to values at the
neighboring nodes, nb, via the specification of appropriate
coefficients aP. The resulting finite difference equations are given by
the following forms (where superscript o refers to the previous time-
step values):

Suspension:

aPTP � aoPToP �
X
nb

anbTnb � b (25)

where

b� 3hp
"

rp
Tpcm�rp; t� (26)

PCM:

apcm;PTpcm;P � aopcm;PTopcm;P �
X
nb

apcm;nbTpcm;nb � bpcm (27)

where

bpcm � �pcmLF�fP�t� � fP�t��t�� (28)

Since the coefficients of the system to be solved are evaluated
implicitly, an iterative method of resolution based on a standard
Thomas algorithmwas used to obtain the time varying solution to the
system. During this iterative process, the liquid mass fraction f was
updated at each iteration using the method described by Voller [31]:
namely, forFig. 3 Binary phase diagram NH4Cl-H2O.
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Tm ��Tp 
 Tpcm 
 Tm : fn�1P � fnp �
anpcm;P
�npcmLF

�Tnpcm;P � Tm�

(29)

where Tm is the melting temperature and �Tp is the phase change
temperature range. The index n corresponds to the current iteration
loop. It is interesting to note that the parameter �Tp is used only
when the melting process will not occur exactly at the melting point,
but instead will take place over a temperature range below the
melting point of the PCM.

At each node the liquid fraction will be corrected using the
following expressions:

fn�1P � 0 if fn�1P < 0

1 if fn�1P > 0

� �
(30)

Further details concerning the numerical implementation of the
present enthalpic phase change method may be found in the work of
Voller [31]. At each time step, convergence was assumed to be
reached as soon as the temperature residuals fell below some
predefined values tol and tolpcm:, i.e.,

jT
n�1
P � TnP
TnP

j< tol

and

j
Tn�1pcm;P � Tnpcm;P

Tnpcm;P
j< tolpcm

After performing preliminary tests aimed at determining the
sensitivity of the results to the value of tol and tolpcm, all simulations
were conducted with tol� tolpcm � 10�5.

Thefinite volume discretization of the energy equation (23) cannot
be directly accomplished, because it contains as unknowns both
the temperature and the ice mass fraction. A fully time implicit
integration of Eq. (23) with mass lumping of the source term and
transient terms gives

apcm;PT
n�1
pcm;P � aopcm;PTopcm;P � �Xoic � Xn�1ic � (31)

Following Swaminathan and Voller [32] the current iterate of the ice
mass fraction can be approximated as

Xn�1ic � Xnic �
dXic

dT
�Tn�1pcm � Tnpcm� (32)

where the term dXic=dT can be evaluated by deriving Eq. (21) atTnpcm

dXic

dT
� x0
X2
a

dXa
dT

(33)

and dXa=dT is the derivation of the liquidus.

IV. Results and Discussion

Results from three kinds of microencapsulated PCM dispersed in
propylene–glycol–water mixture 40% are tested in this paper. The
first case deals with the melting of the phase change suspension with
n-eicosane particles, for which experimental results exist, to
demonstrate the reliability of the physical model. In the second case
we present the results forwater asmicroencapsulated PCM.The third
case investigates the convective heat transfer enhancement with
microencapsulated binary mixture (ice–water–NH4Cl).

A. Validation of the Numerical Model for the Melting Process

To validate the reliability of the physical model the melting of the
MEPCM suspension flowing in a horizontal tube is investigated. The
results are compared with the experimental data of Goel et al. [18].
The same parameters as those given in [18] are chosen in the
following computation: wall heat flux qw � 3 kW, radius and length
of the tube R� 1:57 mm and L� 314 mm (Fig. 1), micro-

encapsulation radius of n-eicosane rp � 50 �m, volume fraction of
microparticles "� 10%, bulk Stefan number Ste� 1, and Reynolds
number Re� �2umR�=�� � 200, where � is the viscosity of a
Newtonian suspension given by the following expression [33]:

�� �f�1 � "� 1:16"2��2:5 (34)

For comparison with the experimental results of Goel et al. [18], our
results are presented with the same dimensionless wall temperature

Twx �
Tw � Ti
q00wR=kb

and dimensionless axial distance along the tube x� � x=RePrR,
as in [18].

Because of the existence of the supercooling phenomena in the
freezing process, the PCM in the microcapsules may not be in a
completely solid state when the suspension enters the test section
[18]. Therefore, the amount of heat absorbed by the microcapsules
would be decreased. To simulate this phenomenon, the melting
process can be assumed to take place over a range of temperatures
below the melting point of the PCM. Several phase change
temperature ranges�TP are used to calculate the heat transfer in the
microencapsulated PCM suspensions. The effects of a varying range
of the phase change temperature difference �TP on the tube wall
temperature is investigated and illustrated in Fig. 4a. Three values of
�TP were studied: 0.6, 1.6 and 2.1

�C. As shown in Fig. 4a, the small
difference between numerical prediction and experimental data is
obtained for�TP � 2:1�C, whichmeans that the melting takes place
over a range of temperatures from 34.1�C to 36.5�C. However, this
range of phase change temperatures should be examined and
established by further experimental work, in order to find an
accordingly appropriate value of �TP that can be used in the
mathematical model. The differences between the present prediction
and the experimental data near the inlet and the exit of the tube can be
attributed to the effect of pipe wall conduction associated with the
relatively thick copper pipe used in the experiment [18]. Another
possible reason for the discrepancy lies in the assumptions used in the
proposed model. In fact, the PCM in Goel et al.’s [18] experiments
was encapsulated in a crust that made up 30% of the total volume of
the microcapsule (the PCM volume was reduced to 70%), but in our
model the PCMwas supposed to be encapsulated in a crust that made
up 5%of the total volume of themicroparticle. Figure 4b presents the
effect of the microcapsule crust on dimensionless wall temperature.
As can be seen, the tubewall temperaturewas significantly increased
when the microcapsule had a crust. In other words the effect of
microcapsules is reduced by the thermal resistance of the crust. We
can note that the difference between the numerical result and the
experimental data can be significantly decreased by varying the
thermal resistance of the crust.

B. Isothermal Melting

In this part, the numerical investigationwas focused on the thermal
fully developed region. The microencapsulated phase-change-
material slurry was made of pure ice. Propylene–glycol–water
mixture 40% was chosen as a carrier fluid. The tube length of
L� 0:45 m (L=D� 100) is used in the computation. The
parameters for the present problem are the wall heat flux, the bulk
Stefan number, the volumetric particle concentration, the Reynolds
number, and the particle diameter.

1. Effect of Wall Heat Flux

Figure 5 shows the variation of the wall temperature of the
cylindrical tube as a function of the distance from the inlet tube for
different wall heat fluxes: qw � 200, 400, and 800 W. We note that
thewall temperature of the duct increases by increasing the heat flux.
The evolutions of Tw are not linear due to the variable specific heat of
the suspension caused by the absorption of energy associated with
PCM melting. The rupture of the monotonic decrease in the wall
temperature evolution is related to the phase change process. We can
also note that the duration of the phase change process decreases by
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increasing the heat flux. From a practical point of view, this
observation indicates the existence of an optimal relation among the
heat flux, PCM volume fraction, tube geometric parameters, and
Reynolds number, such that a significant increase in heat transfer
between the suspension and thewall tube occurs while maintaining a
melting region throughout the horizontal tube.

Figure 6 shows the local heat transfer coefficient of the suspension
as a function of the distance from the inlet tube for various heat
fluxes. In the melting region, the suspension temperature remains at
the phase change temperature, preventing both fluid and PCM
temperature from increasing. It is also causes the local heat transfer
coefficient to increase in the melting region and to reach the peak
value at the location where the mean temperature of the particle
phase reaches the melting temperature. Such characteristics can be
explained clearly from examination of the wall temperature profile
development. During the phase change process, Tw � Tmean

decreases and the local heat transfer coefficient increases until it
reaches a maximum.

2. Effect of the Stefan Number

The most pertinent nondimensional group of parameters for the
description of the phase change process is the bulk Stefan number,
defined here by the following expression:

Ste� �bcq
00
wR

�pcmkb"LF
(35)

The Stefan number, which is used to characterize phase change
problems, represents the ratio of the sensible heat capacity of the
suspension to its latent heat capacity. For constant wall heat flux, the
sensible heat capacity of the suspension is defined in terms of
the absolute value of the characteristic temperature. Bulk Stefan
numbers of 0.1, 0.5 and 1.0 were considered in this study.

As shown in Fig. 7, the bulk Stefan number Ste is an important
parameter that strongly affects the local wall temperature in the
MEPCM suspension, because a lower Stefan number indicates a
higher latent heat of fusion Lf by comparison to the specific heat
capacity c of the suspension for the same phase change temperature
range.

3. Effect of the Volume Fraction of the Microparticles

The volumetric concentration of the microparticles is another
parameter that influences the heat transfer enhancement in phase
change slurries because " affects not only the value of specific heat
capacity of the suspension, but also the value of the effective thermal
conductivity. A higher concentration of microparticles implies a

Fig. 4 Plots of a) tube wall temperature for different phase change

temperature ranges�TP and comparison with the experimental results

of Goel et al. [18] and b) effect of themicrocapsule crust on dimensionless

wall temperature and comparison with the experimental results of Goel
et al. [18].

Fig. 5 Effect of heat flux on wall temperature (Ste� 0:1).
Fig. 6 Effect of heat flux on the local heat transfer coefficient

(Ste� 0:1).
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higher energy-storage capability.We can notice in Fig. 8 that thewall
temperature increases when the volumetric concentration is lower.
We can also notice that the degree of heat transfer enhancement in the
thermally fully developed region is much larger than that in the
thermal entry region, because for a single-phasefluid the heat transfer
is stronger in the entry region than in the thermally developed region.

However, it is important to note that the volume fraction of
microparticles plays an indirect role on heat transfer through the bulk
Stefan number. From the definition of the Stefan number it is clear
that for a given duct geometry, fluid and phase change material, its
value depends only on the ratio of thewall heat flux to the volumetric
concentration. Thus, for best cooling results a low Stefan number
should be maintained as far as possible and concentration should be
increased only if the heat flux increases.

4. Effect of the Reynolds Number on Heat Transfer

It is obvious that the fluid flow rate has an important impact on the
residence time of the particles inside the tube and their rate ofmelting
at the tube outlet. The flow rate is also involved in the calculation of
the effective thermal conductivity through the Peclet number.

We show in Fig. 9 the impact of the Reynolds number on the
temperature of the tube wall. Higher temperatures are obtained for
lower Reynolds number. The inflection points in the curves
correspond roughly to the positions of the start of melting on the tube
wall. From this point, the wall temperature increases with a steeper

slope following the x position; this effect is due to the change in the
value of the specific heat of the PCM.

5. Effect of Particle Diameter on Heat Transfer

For cylindrical ducts filled with microparticles, the heat transfer
between the suspension and the wall duct increased with decreasing
particle diameter. The opposite trends result from the competing
factors of the mixing effect (thermal dispersion) and the decreased
contact surface area between particles as the particle diameter
increases.

The effect of particle diameter on the convective heat transfer
is much more complicated. Jiang et al. [34] theoretically and
numerically analyzed the effect of particle diameter on the convective
heat transfer. The results showed that the convective heat transfer
coefficient can decrease or increase as the particle diameter increases
depending on the values of the following parameters: ", kpcm, kf, um,
etc. A criterion for judging the effect of the particle diameter on the
convection heat transfer was presented in [35]. This criterion is based
on an earlier work concerning a thermal dispersion conductivity
model. Jiang et al. [35] presented a new modified dispersion
conductivity model. A modified approximate criterion was then
developed. When the term

�umd > 0:787
k0:582e

cf

"

1 � "

the convection heat transfer between the suspension and thewall tube
increases as the particle diameter increases. Otherwise, the heat
transfer increases as d decreases. The validity of this criterion was
analyzed in the present study (see Figs. 10 and 11).

We can also note that the reduction of the capsule diameter induces
an increase in the number of capsules and an increase in the heat
transfer area and hence the heat transfer between fluid and capsules
increases. As the diameter value increases the time required for latent
storage increases because the heat transfer between the PCM and the
coolant fluid decreases. To control the wall temperature, it is
interesting to increase the capsule diameter. In reality, in industrial
applications, it is difficult to reduce the capsule diameter by keeping
the volume fraction of microencapsulated particles as constant.

From the results obtained,we note that the particle diameter affects
the wall temperature of the duct, but the observed effect is less
pronounced than those given by the evolution of the Stefan number
and those concerning the variation in the volumetric concentration of
the particles.

C. Isothermal and Nonisothermal Melting (Ice–Water–Salt Solution)

In this section the numerical investigation was focused on the
transient regime. The microencapsulated phase-change-material

Fig. 7 Effect of Stefan number on wall temperature.

Fig. 8 Effect of " on wall temperature (Ste� 0:1).

Fig. 9 Effect of Reynolds number on wall temperature (Ste� 0:1).
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slurry consists of the binarymixture (ice–water–NH4Cl). Propylene–
glycol–water mixture 40% was chosen as a carrier fluid. The
parameters for the present problem are the volumetric particle
concentration and the initial concentration of the binarymixture. The
influences of the above factors on the heat transfer inside the circular
tube are clarified.

Figure 12 exhibits a temperature curve of a eutecticmixture during
the melting process. This curve presents isothermal eutectic and
nonisothermal solid–liquid transition. Figure 13 shows a typical plot
of the fractional transformation � curve of a simple eutectic mixture.
The fractional transformation represents the reaction fraction of
solid–liquid equilibrium transition.

Figure 14 shows the local wall temperature of the circular tube
versus time for different volume fraction of microencapsulated
particles at x� L=2. We note that the local wall temperature
increases with decreasing volume fraction of particles. To control the
wall temperature of the exchanger it is interesting to increase the
volume fraction ofmicroencapsulated in the suspension.We can also
note that during the eutectic melting, heat transfer coefficient
increases to reach a maximum value and thereafter decreases
gradually to reach a minimum value and then increases until the
maximumvalue is reached and thereafter remains constant during the
progressive melting (see Fig. 15). Before the end of the progressive
fusion the heat transfer coefficient decreases to reach a minimum

Fig. 10 Effect of rp on the wall temperature (Ste� 0:1).

Fig. 11 Effect of rp on the heat transfer enhancement (Ste� 0:1).

Fig. 12 Typical temperature curve of a simple eutectic mixture:

eutectic and progressive melting.

Fig. 13 Typical fraction transformation curve of a simple eutectic

mixture: eutectic and progressive melting.

Fig. 14 Variation of local wall temperature for various volume fraction

of particles (x� L=2,Ti��18�C, and Re� 200).
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value and thereafter increases until it reaches a maximum value and
finally stabilized by indicating the end of the progressive melting.
The heat transfer coefficient variation reflects the difference between
the wall temperature and the suspension temperature. These
temperatures are influenced by the kinetic of the phase change
process during the eutectic and progressive melting inside the
particles.

To study the effect of the initial concentration of the binarymixture
on the local wall temperature of the circular tube, we have tested four
flows with different initial concentrations atx� L=2 (see Figs. 16
and 17). We note that the tube wall temperature and the local heat
transfer coefficient depend on the initial concentration of the solute.
We observe that the eutectic melting of the binary mixture becomes
faster when the initial concentration of the solution decreases. It is
interesting to note that the use of the eutectic solution (x0 � XE)
allows a better control of the tube wall temperature. This can be
explained by the fact, that during the eutectic melting, the eutectic
solution absorbs an important latent heat compared with the
noneutectic solution (see Fig. 18).

V. Conclusions

A physical model is proposed for predicting the laminar
hydrodynamic and heat transfer characteristics of suspension flow

with microencapsulated phase change material in a circular duct
under constant wall heat flow. Heat absorption due to the isothermal
and nonisothermalmelting in the particles was included in the energy
equation as a heat source. The wall temperature of the circular tube
and the local heat transfer coefficient were calculated and reported. It
is found that the microencapsulated phase change material can be
used to regulate thewall temperature of the exchanger. It is also found
that in the case of the binary mixture solution, the heat transfer was
influenced by the initial mass fraction of the solute. The use of the
eutectic solution (x0 � XE) allows a better control of the wall
temperature.
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