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Themelting process of some phase-changematerials does not occur at a single temperature, but rather occurs over

a temperature range. The effect of a phase-change temperature range formicroencapsulated phase-change-material

slurry was investigated numerically for a hydrodynamically fully developed laminar flow in a circular tube with a

constantwall heatflux.Thewall temperature and exit radial temperaturewere investigated for several phase-change

temperature ranges, including a single phase-change temperature. The dominant dimensionless parameters: Stefan

number, melt temperature range, and subcooling were varied and results presented. For code verification, results

were compared with previous experimental and numerical data using eicosane as the phase-change material. Using

heat flow measurements over the melt region from current literature, a curve fit for eicosane was made and used in

the numerical model. The numerical results compared well with existing experimental and numerical findings and

showed the phase-change region was the cause of temperature discrepancies cited in previous numerical work.

Nomenclature

B, m = constants
Bi = Biot number, h=k
C = specific heat, J=kg � K
c = volumetric concentration of particles
e = velocity gradient, 1=s, du=dr
F = mass fraction
f = specific heat function, J=kg � K
H = enthalpy, J=kg
h = heat transfer coefficient, W=m2 � K
K = thermal conductivity ratio, kf=kw
k = thermal conductivity, W=m � K
L = latent heat, J=kg
Nu = Nusselt number, h2R=k
Pr = Prandtl number, �=�
q00 = heat flux,W=m2

R = tube outside diameter, m
Re = Reynolds number, um2R=�
r = radial coordinate, m
S = source term
Ste = Stefan number, �Cbq00RR=kb�=�cL�p=�b�
T = temperature, �C
U = overall heat transfer coefficient,W=m2 � K
u = axial velocity, m=s
z = axial coordinate, m
/ = viscosity, m2=s
� = dimensionless tube wall thickness, �=R
� = tube wall thickness
" = fraction of latent heat (0–1)
� = dimensionless temperature, �T � Tin�=�q00R=kb�
� = density, kg=m3

� = standard deviation
� = integration place holder

Subscripts

app = apparent
b = bulk fluid
e = exit
eff = effective
f = fluid
l = liquid
m = mean
p = particle
R = inside tube radius
s = solid
sb = subcooling
sl = solid to liquid
w = wall
0 = inlet

Superscripts

� = dimensionless variable
� = alternate definition

Introduction

E NHANCED heat transfer characteristics are found when a
phase-change material (PCM) is microencapsulated and added

to a heat transfer liquid in a heat exchange system. Typical carrier
fluids include antifreeze, water, silicon oil, etc., and themicroPCM is
typically paraffin. The resulting two phase system is able to absorb
larger amounts of heat over a temperature range, which includes the
phase-change temperature. The increase of thermal storage is due to
latent heat storage occurring as themicroencapsulated PCM changes
from a solid phase to a liquid. Such fluids have potential as pumped
loop coolingmedia for applications in aerospace electronics cooling,
terrestrial energy systems, and recently in electric vehicle cooling [1]
and microchannels [2].

Over the years there have been numerical and experimental studies
of the heat transfer in circular tubes using a microPCM slurry [3–6].
Charunyakorn et al. [3] performed a numerical simulation of slurry in
a circular duct, whichwas then followed by the experimental work of
Goel et al. [4] for the same fluid PCMcombination. Therewas a large
discrepancy between the numerical predictions and experimental
findings. Several possible sources of these discrepancies were
attributed to physics not included in the numerical method and were
listed by Goel et al. [4]. These included a phase-change temperature
range instead of a single melt temperature, assuming the entire
particle consisted of the PCM, increased thermal resistance between
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the PCM and fluid due to the particle encapsulating wall, and a
homogeneous mixture. Zhang and Faghri [5] numerically tested
several of the possible causes and found that the phase-change
temperature range caused the majority of the discrepancies. In other
numerical work by Ho et al. [7], the discrepancy was attributed to
conjugate heat transfer effects within to the copper walled tube used
in the experimental work.

For selected materials, the phase-change temperature range and
heat rate have been measured using a differential scanning
calorimeter (DSC) including eicosane [8,9], technical grade paraffin
wax [10], analytical grade octadecane [9], and octacosane [1]. As a
simplification of the melting process for phase-change materials a
single phase-change temperature has been used in some numerical
calculations. The difference between using a single phase-change
temperature vs a temperature range in a tubular laminar flow
application was calculated and the resulting differences in wall
temperature were graphically presented by Zhang and Faghri [5] for
eicosane. The measured temperature, heat rate curve specific to
eicosane was not used, rather a phase-change temperature range with
constant latent heat absorption was found through numerical testing
to closely match the experimental data, but the curve was not based
on any data other than a melt temperature. The assumption of
constant apparent specific heat over the phase-change temperature
region has been used in the past as an estimate of the actual process,
(Zhang and Faghri [5], Boyer [11], and Hu and Zhang [6]). In
addition, several melt models have also been used to solve the heat
transfer problem, includingCharunyakorn et al. [3]who used a single
phase-change temperature and Hu and Zhang [6] who used multiple
models including constant, linear, and sinusoidal apparent specific
heat over the temperature range.

Ho et al. [7] suggested conjugate heat transfer as a possible source
of error. This has previously been studied for single phase fluids and
results are available. For example Barozzi and Pagliarini [12] studied
laminar flow in a tube with constant heat flux at the outer wall. They
found that Peclet number, wall thickness ratio, and thermal
conductivity ratio were factors affecting the amount of axial heat
transfer within the tube wall. The work of Ho et al. [7] was the only
conjugate heat transfer work found for a microPCM suspension.

As a continuation of the above research, numerical modeling was
used to calculate the temperature distribution within a microPCM
suspension in laminar tubeflowwith a phase change occurring over a
temperature range.Numerical results are presented for several phase-
change curves and the results are compared with that of an assumed
single phase-change temperature. The current method, using
measured DSC results for eicosane from the literature, is used to
compare numerical results to the experimental results of Goel et al.
[4] Also the effects of conjugate heat transfer on the nondimensional
wall temperature are presented for comparison. The numerical code
was then used to test the effects of phase-change temperature range
vs a single phase-change temperature while varying several
dimensionless quantities including Stefan number, phase-change
temperature range, and subcooling.

PCM Melting

If the phase change occurs at a single temperature the enthalpy of a
microencapsulated PCM particle is a function of temperature with a
discontinuity at the phase-change temperature as given by

H�

8<
:
CT T < Tsl
CTsl � FPCM"L T � Tsl
CT � FPCML T > Tsl

(1)

However, when phase change occurs over a temperature range the
enthalpy of the microencapsulated PCM is given by

H �

8<
:
CT T < Tl
CT � FPCM

R
T
Ts
f��� d� Ts 	 T 	 Tl

CT � FPCML T > Tl

(2)

where f�T� is defined as the specific energy above the sensible
energy of the PCM throughout the region of phase change. This is
then any energy used for phase transformation, but does not include
the energy used to raise the temperature of the PCM. This energy is
the energy and may be associated with a solid to liquid phase change
or a solid to solid phase change. The latent heat, L, is then found by
integrating the specific energy-temperature curve, f�T�, over the
entire phase-change region,

L�
Z
Tl

Ts

f��� d� (3)

A specific energy-temperature curve, f�T�, can be found using the
results from DSC measurements. Typical results of DSC
measurements for octacosane [1] are shown in Fig. 1. The area
under the two curves and above the horizontal line represents the
latent energy needed to change octacosane from a solid at
approximately 55�C to a liquid at 65�C. The total latent heat for
octacosane is 259; 100 J=kg. Two peaks are present for this PCM,
which represent a solid to solid transition followed by a solid to liquid
transition. Using the sample size and temperature change per unit
time, the heat flow can be converted to heat per unit mass-
temperature, J=kg � C. This temperature dependent quantity includes
the specific and latent heats and is referred to as the apparent specific
heat where Capp � f� C.

Theoretical Development

The governing equation for the application under investigation, a
hydrodynamically fully developed laminar flow in a circular tube
with constant wall heat flux, is the energy equation

�1 � c�
�
u�fCf

@Tf
@z

�
� keff

@2Tf
@z2
� 1

r

@

@r

�
rkeff

@Tf
@r

�
� S (4)

The laminar fluid velocity profile given as

u� 2um�1 � r2=R2� (5)

S represents a source term accounting for heat transferred from the
carrier fluid to the particles and keff is the enhanced conductivity due
particles in shear flow. An energy balance for the microPCM
particles yields the following equation for S in both enthalpy and
apparent specific heat form

S� cu�p
�
dHp

dz

�
� cu�p

�
Capp

dTp
dz

�
� c 3h

rp
�T � Tp� (6)
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Fig. 1 Typical DSC plot (bulk octacosane) [1].
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The apparent specific heat of a microPCM particle is a function of
temperature and is defined using Eq. (2) as

Cp;app �

8<
:
Cp T < Tl
Cp � FPCMf�T� Ts 	 T 	 Tl
Cp T > Tl

(7)

With a constant heat flux applied at the outer tube radius and a
presumed uniform inlet temperature the following boundary
conditions apply for the fluid and particle:

� k
@Tf
@r

����
r�R
�q00R;

@Tf
@r

����
r�0
�0; Tfjz�0 � Tpjz�0 � Tin

HPCMjz�0 �HPCM;in (8)

Equations (4–8) were developed under the following assumptions:
1) The fluid and microPCM particles are moving with the same

parabolic velocity distribution for a fully developed laminar flow
with a viscosity based on bulk fluid properties.

2) The fluid is an incompressible Newtonian fluid.
3) The material properties are constant.
4) A constant heat flux is applied at the outer tube radius.
5) Particle temperature is at a single temperature throughout, but

may be different than the surrounding fluid.
6) Viscous dissipation and axial conduction effects are neglected

within the fluid.
7) The particles are monosized and consist of two materials, an

encapsulating shell (30% by weight) and a PCM (70% by weight).
[4].

8) The particles are evenly distributed microPCM particles
throughout the carrier fluid.

9) The flow is axisymmetric.
Defining the following dimensionless parameters

r� � r=R; r�p � R=rp; z� � z=�RPeb�
�� � �=�b; C� � C=Cb; k� � k=kb

(9)

The governing equations and boundary conditions become
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and
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r��0
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The source term, S�, given by Eq. (11) includes two parts; energy
due to temperature change and energy due to phase change, and is
again shown in enthalpy and apparent specific heat form. An
enthalpy formwas used byHo et al. [7], whereas an apparent specific
heat form was used by Zhang and Faghri [5]. The current work used
the enthalpy form represented by Eq. (11).

The Biot number and effective thermal conductivity of the
suspension were presented by Charunyakorn et al. [3] as

Bi� keff
kp

2�1 � c�
2 � 3c0:5 � c (13)

keff=kb � 1� BcPemp (14)

The bulk fluid conductivity and constants B andm are defined in [3]
and the particle Peclet number is also given in [3] as

Pep � e�2rp�2=�f (15)

The effects of particle wall thickness were included by modifying
the Biot number to use an overall heat transfer coefficient,U, instead
of the heat transfer coefficient, h. For spherical particles the overall
heat transfer coefficient is

U�
hkp;w

kp;w � h�r22=r1 � r2�
(16)

An alternate Biot number was found using Eq. (16), which includes
the wall resistance

Bi� �
Urp
kp
� Bi

kp;w=kp
kp;w=kp � Bi�rp=rPCM � 1:0� (17)

The governing equations for the axis-symmetric tube wall are the
steady state heat conduction equation along with the following
boundary conditions: constant outer wall heat flux, a heat flux match
at the fluid-wall interface, and adiabatic end conditions. The
adiabatic end conditions were chosen to represent the experimental
setup of Goel et al. [4], which used plastic inlet and outlet isolation
sections (the thermal conductivity of plastics is generally 3 orders of
magnitude lower than the copper tube wall used in the test section).
The governing equation and boundary conditions for the tube wall in
dimensionless form are

1

Pe2
@2�w
@z�2
� 1

r�
@2�w
@r�2
� 0 (18)
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2
��w � �m�

@�w
@z�

����
z��0
�@�w
@z�

����
z��Z�
�0 (19)

TheNusselt number in Eq. (19) was used in the numerical solution
to transfer thermal information from the tube wall to the fluid in an
iterative fashion. The local Nusselt number was based on an
arithmetic average slurry temperature at an axial location as shown in
Eq. (20).Note that this average temperature is different than a “mixed
cup” temperature due to the latent energy storage of the PCM.

Nuz �
2q00R;z=q

00
R

��w;z � �m;z�
(20)

where q00R � q00R���1��=R�is the constant heat flux at the tube
inner wall and q00R;zis the local heat flux at an axial position. These
quantities are equal when there is no tube wall.

Modeling

The quadratic upstream interpolation for convective kinematics
(QUICK) scheme [13] was used to model Eq. (10) and calculate the
dimensionless temperature of the fluid, whereas a second order
backwardsmethodwas used tomodel the energy transferred from the
fluid to the microPCM particles. Grid independence was checked by
successively reducing grid size and comparing the converged
solutions. The final grid size used was 380 radial steps and 1140–
2280 axial steps (depending on the tube length), both evenly spaced.
Verification of the numerical model included overall energy
balances, comparison to previous numerical results of conjugate heat
transfer using a single phase heat transfer fluid [12], and also
comparison to the experimental results of Goel et al. [4], which used
eicosane as the PCM and water as the carrier fluid. The single phase
conjugate heat transfer comparison is shown in Fig. 2, whereas the
experimental results comparison is discussed in the experimental
comparison section. A minimum of 99.9% of the overall energy was
conserved for all cases.
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Latent Heat and Physical Properties

Zhang and Faghri [5] assumed the latent heat absorption to be
constant over a temperature range of 34.4 to 36.7�C, whereas the
present work uses the DSC measurements by Montenegro and
Landfester [8] to characterize the latent heat absorbed by the eicosane
throughout the phase-change temperature range. A curve fit of this
experimentally determined heat flow curve was made and is
presented in Fig. 3a. The curve fit represents a latent heat of
233; 000 J=kg and is a combination of a parabolic and Gaussian
curves given by Eq. (21). The melt temperature range is 34 to 44�C
with a single peak occurring at Tmax � 40�C where �sl � 0:9�C and
Ts � 34�C.

f�

8>>><
>>>:

0:44L��������
2��2

sl

p
�
1 � �T�Tmax�2

�Ts�Tmax�2

�
Ts < T < Tmax

0:44L��������
2��2

sl

p exp

�
� �T�Tmax�2������

2�2
sl

p
�

Tmax 	 T < Tl
(21)

In dimensionless form over the two temperature ranges Eq. (21)
becomes

f� �
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c��pSte
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��s��max�2
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0:44

c��pSte
���������
2���2
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p exp

�
� ����max�2�������

2��2
sl

p
� (22)

By comparison constant absorption of heat over a temperature range
(box method) is given by

f� L=�Ts � Tl� (23)

In dimensionless form this becomes

f� � 1=�c��pSte��l � �s�� (24)

Integration of Eq. (21) will yield the latent heat as a function of
temperature for eicosane throughout the phase-change region.
Figure 3 includes a plot of Eqs. (21) and (23) and the latent heat as a
function of temperature. By comparison the single temperature phase
changewould show a discontinuity in latent heat at the phase-change
temperature, whereas a constant absorption (i.e., box) is a linearly
increasing latent heat over the temperature range whose slope will
increase as the phase-change temperature range decreases. The
constant absorption of heat over a temperature range (box method)
has been a common assumption of much numerical work [5,6,11].
Thermal conductivity, specific heat, viscosity, and density of the
slurry were those reported by Goel et al. [4]. In addition, the density
and thermal conductivity of the copper tube wall were set to
8933 kg=m3 and 401 W=�m � K� [14], respectively.

Particle Wall Resistance

The added resistance of the particle wall was investigated by
including the resistance, via Eq. (17), and comparing this with the
case where the particle wall resistance was neglected. Figure 4a
presents the axial tube wall temperature with and without particle
wall resistance for two cases of phase change; phase change at a
single temperature ��sl � 0� and phase change over a temperature
range using the curve fit data. When the phase-change temperature
range was zero there was a slight but noticeable difference in tube
wall temperature between neglecting and including the particle wall
resistance, but when using a phase-change temperature range the
difference was nearly zero (see Fig. 4a). The particle wall resistance
has been included in all subsequent calculations.
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Fig. 2 Single phase fluid tube wall temperature comparison: previous
results from the literature to results of the current work.

Fig. 3 Eicosane phase change, a) apparent specific heat and b) latent heat.
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Comparison

Numerical results, Figs. 4a and 4b, using a single phase-change
temperature of 36.7�C resulted in dimensionless axial wall
temperatures much lower than those of the experimental work of
Goel et al. [4], but are consistent with the numerical results of
Charunyakorn et al. [3] and Zhang and Faghri [5]. Numerical results
of Zhang and Faghri [5] also used a dimensionless phase-change
temperature range of �sl � �l � �s � 0:4 ranging from �s ��0:33 to
�l � 0:07, whichwas found to closelymatch the experimental results
of Goel et al. [4] for a 10% particle concentration of
microencapsulated eicosane at a Reynolds number of 200 and a
Stefan number of 1.0. This phase-change temperature range had a
constant apparent specific heat with 17.5% of the total latent heat
above the dimensionless inlet temperature. This range, however, had
no physical basis other than the tube wall temperature results
matched the experimental data. The dimensionless phase-change
temperature range for the DSC data curve fit was �s ��1:58 to
�l � 2:98, with 86% of the total latent heat above the inlet
temperature. The DSC curve fit, Eq. (22), results are presented in
Fig. 4. The tube wall temperature matched the experimental data of
Goel et al. [4] when representing the phase change found by a DSC
with a curve fit.

For each phase-changemodel, the tubewall conjugate effectswere
tested and are presented in Fig. 4b. The difference of including the

tube wall for each case was found to be minimal with the largest
discrepancy at the inlet and outlet of the tube. These results are
consistent with that of a single phase fluid as found by Barozzi and
Pagliarini [12]. The difference inwall temperature using a singlemelt
temperature vs a melt range was found to be the major cause of
discrepancy. This agrees with the finding of Zhang and Faghri [5]
and differs from the findings of Ho et al. [7] in which the tube wall
effects were identified as the source of discrepancy.

Results and Discussion

Baseline Case

To study the effects that the phase-change temperature range has
on the outer tube wall temperature, the following parameters for a
general baseline case were used (the particle properties, tube wall
thickness, and concentration were those used by Goel et al. [4]):

Reb � 200; r�p � 15:7; �m � 0:07; Ste� 1

Prb � 10; �� � 1:0; C�f � 1:0; C�p � 1:0

�� 0:5; K � 500:0 (25)

The density ratios were set to unity to simulate a neutrally buoyant
particle. The function, f�T�, was taken to be constant over the
melting temperature range and was set to a level for each phase-
change temperature range to represent an equal amount of latent heat
over the phase change. The effectiveness of estimating the energy
absorbed during phase change as a constant has been the subject of
several publications includingHu andZhang [6] andBart and van der
Laag [15]. In addition, a method of choosing a width and anchor
point for a particular PCM was discussed by Bart and van der Laag
[15], however, to represent a general phase-change material, the box
method with the phase-change region centered at the melt
temperature was used in this work.

Varying Phase-Change Temperature Range

Numerical results for the baseline conditions are shown in Fig. 5a
and 5b with three dimensionless phase-change temperature ranges
being used, �sl � 1:0, 0.5, and 0.0 (phase change at a single
temperature). Using Eq. (24), f� � 10:0, 20.0, and1. The values of
�sl show a progression of temperature curves from a wide
temperature range to a single phase-change temperature. Both the
dimensionless tube wall, Fig. 5a, and fluid temperatures across the
radius at the exit, Fig. 5b, are presented.Because the range is centered
on the melt temperature, �� 0:07, the wider temperature ranges
have some portion of the latent heat below the inlet temperature and
therefore were not available during the heating process, specifically
43% and 18% for �sl � 1:0 and 0.5, respectively. As the temperature
range becomes smaller andmore of the latent heat was above the inlet
temperature, the dimensionless tubewall temperature becomes lower
over the majority of the tube length, Fig. 5a.

At the inlet the no tubewall casewith amelt range of �sl � 0:0was
initially the highest temperature until shortly after the tube wall
temperature reaches the melt temperature, which is characterized by
a change in the slope of the axial tubewall temperature. This is due to
inlet subcooling, where the PCM has not yet reached the phase-
change temperature. When tube wall effects were included, this
phenomenonwas eliminated, due to axial heat transfer. After an inlet
region, extending to nearly x� � 0:01, there was virtually no
difference between the tubewall temperatures for the inner tubewall,
the outer tube wall, and the no tube wall case for each phase-change
temperature range as seen in Fig. 5a. As such, the tube wall effects
will be included and the outside tube wall temperature will be
presented for the remainder of the analysis.

The radial variation in dimensionless fluid temperature at the tube
exit was also plotted, Fig. 5b, and shows the progression from awide
temperature range to that of a phase change at a single temperature.
The particle andfluid temperature are nearly the samewhen thewider
phase-change range is used. In contrast, during a phase change at a
single temperature there is a larger temperature difference between
the fluid and particles when the particles are at the phase-change
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temperature. The particles remain at a single temperature, �� 0:07,
during the phase-change process and abruptly increases temperature
to the fluid temperature when phase change has completed. A larger
rate of heat transfer from the fluid to the particle is expected here due
to the larger particle to fluid temperature difference. From this point
forward, comparisons will be made using three phase-change
temperature ranges: �sl � 1:0, 0.5, and 0.0.

Stefan Number

Two larger Stefan numbers, Ste� 2:0 and 4.0 with f� � 5:0 and
10.0 at �sl � 0:5 and f� � 2:5 and 5.0 at �sl � 1:0, were also
investigated and the results are presented in Fig. 6. An increase in
Stefan number could be due to a higher wall heat flux, a PCMwith a
lower latent heat, or a lower concentration, as each of thesewill cause
an increase in the Stefan number. As the Stefan number was
increased, the dimensionless wall temperature increased as should be
expected from Eqs. (22) and (24), which shows as the Stefan number
approaches infinity the specific energy function f�T� approaches
zero. This in turn causes the apparent specific heat to approach the
actual specific heat of the particle. In this limit, the fluid temperatures
will be the same as a slurry with no phase change. The lower phase-
change temperature ranges of 0.5 and 0.0 had the lowest wall
temperatures for both of the higher Stefan numbers, as was the case

for the baseline. When the Stefan number was increased to four, the
difference between the three phase-change ranges became less. This
is consistent with the infinite limit of the Stefan number discussed
above.

Inlet Subcooling

Two inlet dimensionless subcooling temperatures, �sb � 0:25 and
0.5, were investigated and the results presented in Fig. 7. As the inlet
subcooling was increased the tube wall temperature of the zero
phase-change range �sl � 0:0 was higher than these for the wider
phase-change ranges. When the fluid temperature was increased to
the melt temperature there was a decrease in the slope of the single
temperature phase-change tube wall temperature. The increased
subcooling caused a longer inlet region giving a higer tube wall
temperature, when �sl � 0:0. For the larger phase-change range case
the resulting tube wall temperatures were the same for most of the
length of the tube until near the exit when the added available latent
heat caused the tube wall temperature to be below the lower
subcooling values.

Conclusions

A method to numerically predict fluid temperature when using a
microPCM slurry in laminar flow was used to compare published
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temperature.
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experimental and numerical results of previous work. The insulating
effect of the encapsulating material surrounding the phase-change
material was investigated and found tominimally affect the tubewall
temperature. The effect was most noticeable when the phase-change
temperature range was at or near zero. Axial tube wall conduction
was also investigated with noticeable differences inwall temperature
at the inlet and minimal difference throughout the majority of the
tube length; these findings are similar to results of single phase fluid
flow. The phase-change temperature range was found to have a
significant effect on the wall temperature of the tube and can cause
large differences between numerical and experimental results. For a
general PCM, using a constant heat absorption rate over several
phase-change temperature ranges, the effect of the range was mainly

found to be due to the amount of latent heat which was available
above the inlet temperature. The wider phase-change temperature
ranges had less available latent heat when the subcooling was small.
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