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Abstract

The flow and convective heat transfer behaviors of microencapsulated phase change material (MPCM) slurries in a horizontal circular
tube have been experimentally investigated. The slurry consisted of microencapsulated 1-bromohexadecane (C16H33Br) and water, with
the mass fractions of MPCM varying from 5% to 27.6%. The pressure drop and local heat transfer coefficients were measured, and the
influences of capsule fractions, heating rates, and flow structures on heat transfer performance were also studied. Heat transfer coeffi-
cients measured for MPCM slurry are significantly higher than for those for single-phase fluid flow in laminar flow conditions, but exhi-
bit more complicated phenomena at low turbulent conditions. Moreover, a new simple heat transfer correlation equation was proposed
that accurately predicts the local heat transfer coefficients of laminar MPCM slurry flow in a horizontal circular tube.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Phase change materials (PCMs) have long been used for
thermal storage/control materials because of the large
amount of heat absorption/release during the phase change
processes, with only small temperature variations. In the
last 40 years, lots of efforts have been made to enhance
the energy storage capacity of structural material for solar
and building applications by integrating the PCMs directly
into the other materials, e.g. wallboard, concrete blocks,
under floor heating system, etc. [1]. However, the thermal
performances of such applications are not significant due
to the low thermal conductivity of PCMs [2]. In recent
years, a new approach was proposed, in which the phase
change material was microencapsulated and suspended in
a single-phase heat transfer fluid (e.g. as a solid–liquid sus-
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pensions) to form microencapsulated phase change mate-
rial (MPCM) slurry [3]. MPCM slurries are advantageous
because of latent heat effect associated with phase change
process of material. The apparent specific heat capacity is
much higher than conventional sensible heat effect fluid
without phase change, which may greatly enhance the heat
transfer performance between the fluid and heat transfer
surface. In addition, the storage of MPCS during the night
time for use in cooling application during the day allows
for shifting and leveling the electric power load. Further-
more, the agglomeration and deposition of particles in
the fluid are avoided because the core material is always
separated from the carried fluid by thin plastics shell.

In previous studies, the flow and melting heat transfer
characteristics of microencapsulated phase change material
(MPCM) slurry at laminar flow condition have been
investigated by a number of researchers. Sohn and Chen
[4] observed enhanced thermal conductivity of solid–
liquid slurry at a low flow velocity due to the effects of

mailto:bejlniu@polyu.edu.hk


Nomenclature

a constant (Eq. (7)) (W m �C2)
A constant (Eq. (9)) (–)
c constant (Eq. (15)) (–)
Cp specific heat capacity
d particle diameter (m)
D tube diameter (m)
f friction factor (–)
h heat transfer coefficient (W/(m2 �C))
DH latent heat of fusion (kJ/kg)
k thermal conductivity (W/(m �C))
L length of test section (m)
_m mass flow rate (kg/s)
Nu Nusselt number (–)
Pr Prandtl number (–)
DP pressure drop (Pa)
q heat flux density (W/m2)
Q heat rate (W)
r radius of the test tube (m)
Re Reynolds number (–)
T temperature (�C)
DT temperature difference (�C)
u flow velocity (m/s)
w mass faction (–)
x coordinate in the axial direction (m)

Greek symbols

q density (kg/m3)
g dynamic viscosity (Pa s)

Subscripts

1–3 melting regions of slurry in tube
c microcapsule core
b bulk
f fluid
I inlet
m mean, melting point
o outlet
p particle
w wall
wo external wall surface
lb based on local bulk temperature
lw based on local wall temperature
l liquid phase
s solid phase
x at axial position x
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microconvection around the small solid particles. In an
analytical study, Kasza and Chen [3] presented that up to
a 10-fold enhancement increase of heat transfer coefficient
might be obtained in some specific flow conditions, how-
ever the result has not been confirmed by the experiments.
Charaunyakorn et al. [5] developed a model to predict lam-
inar MPCS flow in a heated circular duct and showed that
about 2–4 times increase in mean Nusselt number is possi-
ble in comparison with single phase fluid flow. Goel et al.
[6] reported that the reduction of the rise of in-wall temper-
ature is by up to 50% compared to a single phase flow in
the same dimensionless conditions. The experimental
results were compared with those predicted by the numer-
ical simulation of Charaunyakorn et al. [5], and they found
the similar trends, although the difference between them
was about 45% because of supercooling of the phase
change material. Other related numerical investigations of
melting heat transfer of laminar flow of MPCM slurries
in the circular duct include the works of Zhang and Faghri
[7], Alisetti and Roy [8], Hu and Zhang [9], and Ho et al.
[10].

Several past studies also attempted to deal with the
flow and melting behaviors of phase change slurry in tur-
bulent conditions. Choi et al. [11] measured the local pres-
sure drop and heat transfer coefficient of turbulent phase
change emulsion flow (mixture of water and PCM with
additive of emulsion) in a horizontal tube with constant
heat rates, however only the results for 10% mass particle
fraction were presented. They observed a significant
enhancement in heat transfer performance due to the
latent heat effect when PCM was melting. They also
found that both local heat transfer coefficients and pres-
sure drop along the flow direction varied significantly
when PCM was melting, which makes it difficult to apply
log-mean-temperature-difference (LMTD) method to
determine the heat transfer coefficient. In the case of
MPCM slurry, Yamagishi et al. [12] measured the pres-
sure drop and local convective heat transfer coefficients
of turbulent microencapsulated octadecane (C18H38)
slurry flow along the horizontal circular pipe with con-
stant heating rates, and they reported that heat transfer
performance of the slurry was greatly influenced by the
effects of latent heat as those in the case reported by Choi
et al. [11]. They also reported that such effect also depends
upon the particle fractions, the degree of turbulence and
heating rates on the tube wall.

The optimum design of thermal energy storage systems,
which run with phase change slurry, requires a good
knowledge of flow and heat transfer characteristics of
two-phase slurry involved in phase change, in order to
reduce the capital cost, system size, and energy consump-
tion. Although all preliminary studies and experiments
indicate promising applications of MPCM slurry as heat
transfer and heat storage media, experimental investiga-
tions on MPCM slurry heat transfer characteristics appear
to be limited for practical engineering design so far. This is



2482 X. Wang et al. / International Journal of Heat and Mass Transfer 50 (2007) 2480–2491
probably due to the particular experimental rig and narrow
ranges of experimental condition for each investigation.

An experimental rig was therefore constructed at Tsing-
hua University to obtain reliable and sufficient data to
investigate the pressure drop and heat transfer behaviors
of MPCM slurry in a horizontal circular pipe when sub-
jected to constant heating rates. The experiments covered
both laminar (Reb < 2100) and slightly turbulent flow
(2200 < Reb < 4000) with particle concentrations ranging
from 5% to 27.6% by weight. The rheological behaviors
for slurry at different concentrations and different temper-
atures were also measured.

2. Experimental approach

2.1. Microcapsule and slurry

The MPCM slurry was made of microencapsulated
C16H33Br and pure water, prepared at ITC, The Hong
Kong Polytechnic University. Fig. 1 shows the optical
and SEM photographs of microcapsules used in the present
study. The microparticles used industrial-grade 1-bromo-
hexadecane (C16H33Br), with a melting temperature,
T m ¼ 14:3 �C, and latent heat of melting, DHm ¼ 160 kJ/
kg, as core material, and Amino Plastics as shell material,
respectively, and the core–shell ratio was controlled to be
about 7:1 by weight during the preparing process, hence
the thickness of coating wall was approximately 0.3 lm.
The phase transition point and latent heat of microencap-
sulated C16H33Br were measured by differential scanning
calorimeter (Perkin Elmer DSC7) with heating/cooling rate
of 5 �C/min. The diameter of microparticle was measured
by a particle characterization system (Malvern Instrument
Ltd., Malvern Masterzer 2000). The volume average diam-
eter of particles was found to be 10.112 lm. Pure water was
chosen as carrier fluid because it is easy to handle and has
no chemical effect on the phase change material and shell
wall, and the reason is that the original form of slurry is
in aqueous form and easily diluted with pure water to
obtain different concentration according to various engi-
neering applications.
Fig. 1. (a) Optical micrograph and (b) scan
2.2. Slurry properties

Flow and heat transfer characteristics are associated
with the following dependant properties: density, viscosity,
thermal conductivity, melting/freezing point and latent
heat of fusion. These properties depend on the type of
PCM, coating material, carrier fluid, the particle concen-
tration, and the flow parameters of the slurry. Various
property models have been used in the calculation of
MPCM slurry system. The following sets of thermal prop-
erty model applied by various researchers to the phase
change slurries were used in the present study.

Densities and heat capacity of slurry are calculated by
weighted fraction of the density of PCM, coating material,
and water, based on the mass and energy balance [6].

qp ¼
8

7

dc

dp

� �
ð1Þ

qb ¼
1

wp=qp þ ð1� wpÞ=qf

ð2Þ

Cp;b ¼ wpCp;p þ wwCp;w ð3Þ

The thermal conductivity of the microcapsule was calcu-
lated based on the composite sphere approach [13], which
is given by

1

kpdp

¼ 1

kcdc

þ dp � dc

kwdpdc

ð4Þ

Although a number of models have been proposed to
investigate the thermal conductivity of the solid–liquid
slurry, such as those by Jeffery [14], Leak [15], and Charu-
nyaorn et al. [5], thermal conductivity of MPCM slurry was
calculated by Maxwell’s relation [16] in the present analysis
due to its computational simplicity.

kb ¼ kf

2kf þ kp þ 2/ðkp � kfÞ
2kf þ kp � /ðkp � kfÞ

ð5Þ

The properties of slurry calculated from Eqs. (1)–(5) are
given in Table 1. The values of viscosity given in Table 1
were measured by a Rheometer as described in a later
section.
ning electron microscopy photograph.



Table 1
Physical properties of MPCM slurry and its components

Density,
kg m�3

Specific heat,
J kg�1 �C�1

Thermal conductivity,
W m�1 �C�1

Latent heat,
kJ kg�1

Viscosity, mPa s
at 20 �C

1-Bromohexadecae (solid) [17,18] 1006 1762 0.141 160
1-Bromohexadecae (liquid) 998 1437 0.300
Urea-formaldehyde [19] 1490 1675 0.433
Water (at 20 �C) [20] 998 4183 0.599
MPCM particle (solid) 1093 1751 0.135 140 1.00
MPCM particle (liquid) 1057 1467 0.285

MPCM slurry (mass fraction)
U ¼ 0:050 1001 4061 0.568 7.0 1.57
U ¼ 0:100 1004 3940 0.539 14.0 1.73
U ¼ 0:158 1007 3801 0.506 22.0 2.92
U ¼ 0:204 1010 3687 0.480 28.6 3.29
U ¼ 0:276 1014 3534 0.446 38.6 8.42
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2.3. Experimental apparatus and method

Fig. 2 shows the schematic diagram of the experimental
apparatus. The major components of the system are a
slurry reservoir, two slurry pumps, a heat transfer test sec-
tion, two flow meters, a differential pressure transducer, a
plate heat exchanger (Tranter, Inc., Type B25), AC power
supply, and a data acquisition system.

The MPCM slurry was cooled by glycol flow in a plate
heat exchanger, which has heat exchanger surface of
1.76 m2 and heat exchange capacity of 3 kW. The inlet tem-
perature of glycol solution was maintained at �1 �C, so the
temperature of MPCM slurry at the outlet of exchanger
can be controlled at about 2 �C, which was much lower
than the melting temperature 14.3 �C for the microencap-
sulated C16H33Br. Considering the supercooling degree of
10 �C of the material, such a low temperature is necessary
to ensure complete solidification of all microencapsulated
C16H33Br particles in the heat exchanger.
Fig. 2. Schematic diagram of
The flow rate of slurry in the heat transfer test section
was varied by manual adjustment of a mainline throttling
valve and a bypass valve. The mass flow rates of fluids were
determined by measuring the effluent fluid of the test sec-
tion by weighting method. In normal working conditions,
the slurry flow at the inlet of heat exchanger was pressur-
ized at approximately 0.65 MPa. Both the bypass flow
and main flow were fed into a slurry reservoir with a vol-
ume about 5 l. In the slurry reservoir a stirrer was installed
that could keep MPCM slurry homogeneous, and the rota-
tional speed of the stirrer can be adjusted depending on the
particle fractions of the slurry.

The heat transfer test section itself was a circular stain-
less steel (Cri8Ni9Ti) tube, 1.46 m in length with an inter-
nal diameter of 4 mm and wall thickness of 1 mm. One of
the reasons to choose such a pipe diameter is that it is
the size of likely pipe diameters in HVAC applications,
and another reason is to make the test rig much more
compact to complete the phase change process of the
experimental apparatus.



Table 2
Bulk temperature profile equations and length of each region

Local bulk-mean temperature Length of the regions

Region I T bðxÞ ¼ T bi þ
Q

_mCp;s

x
L

L1

L
¼ _mCp;sðT m � T b;iÞ

Q

Region II T bðxÞ ¼ T m
L2

L
¼ L� L1 � L3

L

Region III T bðxÞ ¼ T m þ
Q

_mCp;l

x
L

L3

L
¼ _mCp;lðT b;o � T mÞ

Q
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PCM particles in the test section. It has been directly con-
nected to an AC power supply to apply a uniform heat flux.
Power supply consisted of a 3 kVA power transformer, a
manually controlled autotransformer, and an insulating
transformer. Heating rate to the test section was controlled
by the autotransformer, and the main electric loop was
insulated by an insulating transformer for the safety pur-
pose. The electrical power input was determined by mea-
suring voltage drop across the test section and the
current. Test section was fitted with flanges and isolated
electrically and thermally from the adjoining entrance
and existing lengths by Teflon O-rings. To minimize the
heat loss to the ambient environment, the test section was
thermally insulated by foam-type insulation material with
a thickness of about 10 cm.

Eight T-type thermal couples were attached to the outer
tube wall and the distance between the points of neighbor-
ing sensors was 0.18 m. The inlet and outlet temperatures
were measured by two PT-1000 temperature sensors, which
were inserted through the stainless steel tube. The temper-
atures of inlet and outlet of heat exchanger for each pass
were also measured by inserting the T-type thermal couples
into the fluid. All the temperature sensors were calibrated
and measurement error was less than 0.1 �C. Pressure drop
was measured across the test section using an electronic dif-
ferential transducer with an accuracy of better than
�0.01 kPa. During the experiments, the variations of the
temperatures at inlet and outlet of test section were con-
trolled less than �0.25 �C. Four pressure gages were also
installed in the inlet and outlet of heat exchanger for each
pass to monitor the pressure variations.

Experiments were first performed with only pure water
flowing in the test section. Heat transfer runs were carried
out to cover the laminar and turbulent flow conditions, and
then data were compared with literature data to check the
accuracy and validity of the test rig. When MPCM slurry
flowed in the system, the outlet temperatures of test section
were controlled at 20 �C and 25 �C, respectively to ensure
all PCM particles to finish the melting process, considering
PCM’s melting temperature of 14.3 �C. Data points were
stored at 10 min intervals. All the data from the various
instruments were recorded directly to the computer
through HP-34970 data acquisition system. The data used
for the following analysis were made during steady state,
which was indicated by the variations observed in the
slurry inlet and outlet temperatures, test tube surface tem-
peratures, pressure drop, and power input.

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

hx ¼
qlw

T lw � T lb

ð6Þ

where qlw is the local heat flux at the tube wall, which was
defined as the heat rate per square meters on internal tube
pipe surface, Tlw is the local inner wall surface temperature,
and Tlb is the local bulk mean temperature of the fluid. The
local bulk mean temperature of the water can be easily cal-
culated from the linear temperature along the test section
based on the inlet and outlet temperature and tube heat
flux. However, the local bulk mean temperature of the fluid
accompanying phase change is not linear; therefore it can-
not simply be estimated from aforementioned method. In
this experiment, the local bulk mean temperatures were cal-
culated based on the ‘‘three-region melting model” which
was proposed by Choi et al. [11], although the model is
quite dependent of the material property data. Table 2
shows the derived equations for the determination of the
length of each region and the associated bulk mean temper-
ature profile, T bðxÞ.

The inner wall surface temperature, Tlw, was derived
from model of electrical and thermal conduction in the wall
of the water loop test section [22], the result was given as

T w ¼ T wo � C1

qw

kwo

1þ C1

2

aqw

k2
wo

 !

where

C1 ¼
rw

r2
wo � r2

w

r2
wo ln

rwo

rw

� r2
wo � r2

w

2

� �
ð7Þ

Two and Ti are the tube outer and inner wall surface tem-
peratures, respectively. rw and rwo are the wall inside and
outside radii, respectively. kwo is the thermal conductivity
of the tube, kwo ¼ 14:235þ 0:013398T wo; a ¼ 0:0144, which
is a constant.

Local slurry Nusselt number, Nubx, was calculated based
on the local heat transfer coefficient, hx, thermal conductiv-
ity of the slurry, kbx, and the internal diameter of the test
tube, Dw, which was defined as

Nulb ¼
hx � Dw

klb

ð8Þ

The average heat transfer coefficient (hm) and average
Nusselt number (Num), are simply calculated using arithme-
tic averages of local slurry heat transfer coefficients, hx and
local Nusselt numbers, Nulb, respectively.

3. Results and discussion

3.1. Rheological behaviors

The carrying fluid in MPCM slurry can generally be
considered as Newtonian, as can slurry themselves if the



Fig. 3. Relationship of shear stress and shear rate at different tempera-
tures for MPCS of 30 wt.%.
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particle mass fraction remains low [21]. The reological
behaviors of slurry with particle concentration varying
from 5 to 27.6 wt.% were measured by Paar Physica
MCR 300 Rheometer (Paar Scientific Ltd.), and it was
found the shear stress linearly increased with shear rate
and all lines were intercrossed at the original point for all
above cases, therefore the slurry with concentration below
27.6 wt.% were considered to be Newtonian at the present
study. As an example among them, Fig. 3 shows the rela-
tionship of shear stress and shear rate for the slurry of
27.6 wt.% at two different temperatures, at which the
PCM component (core material of MPCM) was respec-
tively at solid phase (10 �C) and liquid phase (20 �C). It is
observed that the shear stress linearly increased with the
shear rate in despite of the different states of PCM compo-
nent they preserved, and this was attributed to the plastic
shells that microencapsulate the PCM content, so that it
is always the solid state spherical shape particles that are
in contact with the carrying water irrespective whether
the PCM content is undergoing the phase change process
or not, thus the rhelogical behaviors will not be influenced
by the PCM phase transition process.

In place to viscosity of the liquid, gl, the viscosity of the
slurry can be termed as apparent viscosity, gs. Normally,
the relative viscosity, which is defined as the ratio between
the apparent viscosities of the slurry to that of the water,
remains constant. Many different models have been
proposed for the viscosity of a slurry. An empirical model
predicting the solid–liquid slurry dynamic viscosity is the
model of Vand [23], which was used by many previous
researchers, e.g. Charunyaorn et al. [5], Mulligan et al.
[24], and Goel et al. [6]. Eq. (9) can well predict the viscos-
ity up to a particle volumetric concentration up to 37%.

ls

lf

¼ 1� /� A/2
� ��2:5 ð9Þ

where / is the particle volumetric fraction of the slurry.
The constant, A, which quite depends on the size, the shape
and the type of the particle, can be obtained experimen-
tally. Vand [23] got the value A ¼ 1:16 for the glass sphere
with diameter of 0.013 cm, and Mulligan et al. [24] ob-
tained the value A ¼ 3:4 for the slurry with microencapsu-
lated PCM particle of 10–30 lm in diameter using Eq. (9).
While Yamagishi et al. [12] estimated the value A ¼ 3:7 for
the microencapsulated octadecane slurry with an average
diameter of 6.3 lm. In the present investigation, the viscos-
ities of microencapsulated C16H33Br at different concentra-
tions were measured by the Rheometer and listed in Table
1. The value A ¼ 4:45 was obtained based on the viscosity
data for different concentrations. Fig. 4 shows measured
relative viscosities of the slurry as function of particle
volumetric concentration, which fitted well by Eq. (9).
The relative viscosity did not increase linearly with the
particle volumetric concentrations of the slurry. The vis-
cosity of slurry with 10% volumetric concentration is 1.2
times of that of the pure water, while the viscosity of
slurry with 27% particle concentration is approximately
11 times.

The pressure drops across the test section were measured
for the slurry of several particle mass concentrations when
no heat flux was applied. The temperature of the slurry in
the test was kept at 20 �C (near the ambient temperature),
which is higher than the melting temperature of 1-bromo-
hexadecane (T m ¼14.3 �C). Pressure drop results for
MPCS were expressed in term of Darcy friction factor

[25], which was defined as

f ¼ ðDDP=LÞ= 2qbu2
m

� �
ð10Þ

Fig. 5 shows the relationship between the friction factor, f,
and Reynolds numbers, Reb, for slurry with three different
concentrations, namely, 10%, 15.8% and 20.4%. It is ob-
served the friction factor decreased with the increase of
the Reynolds numbers as Reb > 2200, which were in good
accord with the predicted values calculated by using mod-
ified Blasius equation ðf ¼ 0:12143Re�0:25Þ, which were
higher than the predicted values computed by classical Bla-
sius equation ðf ¼ 0:079Re�0:25Þ for smooth surface pipe
due to the fact that the friction factor increases with the
surface roughness of the tube. It appears that a transition
from the laminar and turbulent flow occurred in the
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Reynolds number in the range of approximately from 1200
to 2200, which is lower than the values predicted by
Yamagishi et al. [12] for the MPCS with mean diameter
of 6.3 lm, this is perhaps due to the particular material
used in each case. In the case of laminar flow (Re< 1200),
the friction factor decreases with increased Reynolds num-
ber. The friction factors in the laminar flow velocities fitted
well with the classical model (f ¼ 16=Re) based on Hagen–
Poiseuille flow [25] for a circular tube only for the slurry
with 15.8 wt.% particle concentration, while relatively lar-
ger discrepancy was found between the experimental values
and predicted values by Hagen–Poiseuille equation for the
slurries with 10.0% and 20.4% particle concentrations, and
it is suspected that this might be due to the entry length ef-
fect, which is usually more significant for the laminar flow
than for the turbulent flow.

3.2. Heat transfer characteristics

3.2.1. Heat transfer characteristics of pure water

The reliability and validity of the test facility were first
checked by running pure water in both laminar and turbu-
lent flow velocities, and the heat losses to the environment
was evaluated from a heat balance performed on the warm
water side of the test section,

Qloss ¼ Qinput � _mCp;bðT out � T inÞ ð11Þ

where Qinput is the electric power imposed on the section, _m
and Cp;b are the mass flow and specific heat capacity of the
water, respectively, T in and T out are the inlet and outlet
water temperatures. The heat losses to the surroundings
were determined to be small (maximum 4% to the total
electric power input), which was neglected in the heat
transfer calculation.

Heat transfer test were also performed with only pure
water flowing in the test section. The heat transfer coeffi-
cients were determined from the measured electric power
input, Qinput, local wall temperatures, and calculated local
liquid temperatures. In the case of turbulent flow, the heat
transfer coefficients were compared with the predicted val-
ues calculated by using Eq. (12), which was proposed by
Choi and Cho [26] for convective heat transfer of a sin-
gle-phase fluid in both developing and developed flow
region with a constant heat flux.

Nux ¼ 0:00425Re0:979
lb Pr0:4

lb ðllw=llbÞ
�0:11 ð12Þ

where the local Reynolds number, Relb, local Prandtl num-
ber, Prlb, and dynamic viscosity, llb were evaluated based
on the local mean temperature of the fluid. Dynamic vis-
cosity, llw, was calculated based on the local wall inner sur-
face temperature.

Relative discrepancy between the average heat transfer
coefficients from experimental data and predicted values
was found to be within 8.14%, and typical test data were
presented in Fig. 6.

For the laminar flow of the pure water, the local heat
transfer coefficients from experiments were compared with
those calculated from Eq. (13), which was presented by
Shah and London [27] and fitted well with the single-phase
laminar developing flow in thermally developing region
under a constant wall heat flux,

Nux ¼ 5:364 1þ 220x�

p

� ��10=9
" #3=10

� 1:0

where

x� ¼ ðx=DÞ= Relb � Prlbð Þ ð13Þ

The comparison between the experiments values and pre-
dicted values calculated with Eq. (13) for a typical case is
shown in Fig. 7. Relative discrepancy in average heat trans-
fer coefficients between them was within 3.4%.

In the end portions of the measuring segment one can
notice an increase in the measured local heat transfer coef-
ficients in comparison to the values calculated according to
Eqs. (12) and (13), which can be explained by the end
region thermal effect of the test tube, because the tempera-
ture at the end of portions of measuring segments are
higher than that at the beginning, so heat losses to the envi-
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ronment of this section are also higher than the other
sections.

It is concluded that the relative discrepancy between the
measured values and values predicted using classical corre-
lation equation both for the laminar flow and turbulent
flow were small and within the acceptable range, taking
into account the difficulty in controlling the experimental
conditions and the universal applicability of the correlation
equations. The local heat transfer coefficients for the slurry
will be compared with the values calculated by Eqs. (12)
and (13) in the subsequent discussions.

3.2.2. Laminar heat transfer characteristics of MPCM

slurry

In Fig. 8, the evolution of the local Nusselt Number,
Nux, is plotted against dimensionless axial distance,
x=ðrDRePrÞ, particle mass concentrations of wp � 5%,
10% and 15.8% under the same heating rate across the test
section, Q ¼ 296:8 W, and mass flow rate, _m ¼ 4:95 g/s.
The corresponding Nusselts numbers for pure water with
the same heating rate calculated with Eq. (13) are also plot-
ted in Fig. 8.
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Fig. 8. Effects of particle mass concentration local Nusselt numbers.
As is shown in Fig. 8, the local Nusselt number in the
thermally developing region are seen to increase by up to
56% when the mass particle fraction wp ¼ 15:8%. Such
enhancement is attributed to melting latent heat effect of
MPCS during phase change process, or the enhanced effec-
tive specific heat capacity of the slurry as proposed by
Kasza and Chen [3], which is defined as

Cp;eff ¼ Cp þ wpDH m=DT ð14Þ

where wp is the mass fraction of MPCM in the slurry; DHm

is the latent heat of the MPCM; DT is the difference be-
tween the slurry temperatures at the inlet and outlet of
the test section. The latent heat of slurry increases with
the mass faction, so does the effective specific heat capacity
of the slurry. In Fig. 8, the local Nusselt numbers increased
with mass particle fractions of the slurry, and they are all
higher than the single-phase flow without phase change
for all cases.

Fig. 9a and b show the calculated local bulk/mean tem-
peratures, Tlb, and the corresponding local heat transfer
coefficients, hx, for pure water and MPCM slurry of
wp ¼ 0:158 as well as the wall surface temperature operat-
ing with MPCM slurry. Bulk mean temperatures for slurry
was calculated with the equations listed in Table 1. As is
shown in Fig. 9a, the bulk temperature of pure water
increased linearly along the flow direction. In the case of
the MPCM slurry, the bulk temperature increased linearly
along the test section in the Region I and Region III, while
bulk temperature in the Region II kept at a constant value,
T lb ¼ 14:3 �C, due to the latent heat release when PCM
melted at nearly a constant temperature, T m ¼ 14:3 �C.
In Fig. 9b, the calculated local heat transfer coefficients
were higher than those of the pure water in the Region I
and Region II, but approached those of the pure water in
Region III. Such phenomena could be due to the following
reasons: (1) the slurry temperatures near the tube wall were
higher than the melting temperature of the PCM in Region
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Fig. 9. (a) Local bulk mean temperatures, (b) local heat transfer
coefficients for pure water and MPCM slurry of wp ¼ 0:158, Relb ¼
1196–1170 for pure water and Relb ¼ 441–538 for slurry, at _m ¼ 4:95 g/s.



Table 3
Values of c

Mass fraction (%) c

5.0 1.336
10.0 1.341
15.8 1.418
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I, as shown in Fig. 9a, the internal wall surface temperature
was almost higher than 20 �C, although the bulk mean tem-
peratures are still lower than the melting temperature of the
PCM, hence a small amount of PCM melted in the Region
I, when more PCM particle melted, as a result, the
enhanced heat transfer coefficients relative to pure water
were found in Region I. (2) In the Region II, the bulk mean
temperature was the same as that of melting temperature of
PCM, PCM continued to melt and reached a maximum
value, with the decreasing of melting PCM particles, the
heat transfer coefficients was also decreasing gradually,
and eventually approached those of the pure water at the
end of this stage.

The local Nusselt Numbers are plotted against dimen-
sionless axial distance in Fig. 10 for runs conducted at dif-
ferent Reynolds numbers and wall heat power inputs but at
same particle mass fraction, wp ¼ 0:158.

Fig. 10 illustrates that the local Nusselt number are
almost independent of heat power input and Reynolds
number along the dimensionless axial distance of the test
tube. Local Nusselt numbers for all cases are higher
than those of the pure water. They also presented the sim-
ilar trend along the axial distance as that of pure water in
the thermal developing region at laminar flow velocities,
and the local Nusselt number decreased along the flow
direction at entry region, and then it approached the
stable state when flow was fully developed. An interesting
phenomenon is that all the experimental data points
seem to form a consistent smooth curve. The similar results
were also found for the slurry with slurry particle frac-
tions of 0.1 and 0.05 which are presented in Appendix A.
Based on the experimental data for different power
inputs, flow conditions and slurry particle mass concentra-
tions, a new correlation equation was proposed which is
related to the Shah and Londons’ model (in Eq. (13)) for
laminar single-phase flows in the developing region under
a constant heat flux, and is expressed by the following
form:
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¼ c ð15Þ

where the values of c depends on the slurry particle frac-
tions, which are presented in Table 3.

Fig. 10 compares the present experimental heat transfer
results with those predicted with Eq. (15). All experimental
data can be predicted by Eq. (15) within �15%.
3.3. Turbulent heat transfer characteristics

Due to the increased viscosity associated with higher
particle fractions, the heat transfer measurements were
only performed for the slurry with particle concentrations
of 5% and 10%. Fig. 11 shows the local heat transfer coef-
ficients and the calculated bulk mean temperatures for
MPCM slurry of wp ¼ 5% and pure water at the same
mass flow rate and heating rate. The heat transfer coeffi-
cients of slurry were higher than those of pure water.
Along the slurry flow direction, local heat transfer coeffi-
cient of water increased almost linearly, while heat trans-
fer coefficient of slurry increased in Region I, decreased in
Region II and increased again in Region III. Choi et al.
[11] also reported the similar phenomenon occurred in
the turbulent flow of phase change emulsion (mixture of
water and PCM particles), and their explanations for this
phenomenon is also suitable for present turbulent MPCM
slurry flow, which are cited as follows: (1) In Region I, a
small amount of MPCM melted near the wall because the
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Fig. 11. (a) Local bulk mean temperatures, (b) local heat transfer
coefficients for pure water and MPCM slurry of wp ¼ 0:158,
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_m ¼ 16:4 g/s.
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wall temperature was higher than the melting temperature
of 1-bromohexadecane (see Fig. 11a), although the bulk
mean temperature was lower than the melting tempera-
ture due to the low temperature of slurry near the tube
center line, therefore the heat transfer coefficient increased
when more MPCM melted in Region I. (2) In Region II,
the number of melted MPCM particles reached a maxi-
mum value when the bulk mean temperature of slurry
reached the melting temperature of 1-bromohexedecane,
and the heat transfer coefficient also reached a maximum
value (point m). After that, the number of solid MPCM
particle decreased gradually. In addition, the melted par-
ticles near the heated tube wall prevented the solid parti-
cles transporting to the wall, which in turn reduced the
number of PCM particles involved in phase-change, so
heat transfer coefficient decreased in Region II. (3) The
local Reynolds number increased with the increased bulk
mean temperature of slurry along the test section in
Region III due to the rise of the slurry temperature, which
resulted in the increased heat transfer coefficient in
Region III.

Fig. 12 compares the heat transfer performance of
MPCM slurry flow at two different heat rates, Q ¼ 802:8
and 1139.3 W, and the mean flow velocity, the particle con-
centration and inlet temperature of slurry are the same for
two cases. It is seen that the maximum value of heat trans-
fer coefficient for higher heat rate appeared earlier than
that for lower heating rate. Moreover, the heat transfer
coefficient is higher than for higher heat rate after phase-
change process. These might be due to the following rea-
sons: (1) when the heating rate was higher, the length of
Region I became shorter than that the lower heating rate
case, which means the maximum value of MPCM particles
involved in phase change began earlier, hence the maxi-
mum heat transfer coefficient appeared earlier, (2) when
higher heating rate applied in the test tube, the temperature
rise of the MPCM slurry was higher, the viscosity was
lower than that for the case of lower heating rate in the
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Region III, thus the Reynolds number was also higher,
therefore, the higher heat transfer coefficient was obtained
for the high heating rate than that for the lower heating
rate at the final stage of flow in the test tube.

In summary, the enhancement in heat transfer is accom-
panied with the undesirable increase of friction factor.
There might exist an optimal concentration of PCM parti-
cles in the fluid considering the trade-off between the
increased heat transfer and pressure loss as well as the effect
on pump performance. For instance, Inaba et al. [30] pre-
sented their experimental results of heat transfer over the
energy required to overcome the pressure loss, and found
that a maximum exists at a particular PCM concentration.
For a systematic optimization, the effect on pump perfor-
mance would also be needed, and this will deserve separate
study in future works.

The average Nusselt numbers are plotted in Fig. 13
for runs conducted at different Reynolds numbers and
wall heat rates at particle fraction of 5% and 10% at
Reynolds number Re ¼ 2100–3452. The average Nusselt
numbers from experiments presented were compared
not only with predicted values with Eq. (12), but also with
values with the correlation given by Gnielinski [28].
Gnielinski correlation equation can well predict the sin-
gle-phase heat transfer coefficient in the Reynolds number
range between 2300 and 104 under uniform heat flux
conditions

Nugn;m ¼
ðf =8ÞðReD � 1000ÞPr

1þ 12:7ðf =8Þ1=2ðPr2=3 � 1Þ

where

f ¼ 1:82log10ReD � 1:64ð Þ�2 ð16Þ

As shown in Fig. 13, there are small differences between
prediction values with Eqs. (12) and (15). The local Nusselt
number increased with Reynolds numbers both for the
slurry flow and pure water flow, the enhanced heat transfer
performance was achieved for the slurry with particle frac-
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tion of 5% and for the slurry with particle fraction of 10%,
with 1–2.5 times higher average Nusselt numbers obtained
in comparison with single-phase flow. A surprising result
found in Fig. 13 is that the average Nusselt numbers for
slurry of 5% particle faction were higher than those for
10% particle fraction at the same Reynolds number. Such
phenomenon can be probably due to the degradation of
the turbulent degree with higher loading of the particles
with size of several microns. As reported by Liu et al.
[29], there existed a threshold of particle size in augmenta-
tion of heat transfer when solid particles were added into a
single-phase flow. When the particles are smaller than such
sizes, a degradation of heat transfer will be achieved, and
when particles are bigger than such sizes, there will be
enhancement in heat transfer performance for a specific
tube. Higher loadings of solid particles may further de-
grade the heat transfer performance. This is also the reason
why heat transfer coefficient was lower than that of pure
water just after all MPCM melted, as exhibited in Figs.
11b and 12.

4. Conclusions

The dynamic viscosity of slurries with particle mass
concentration up to 27.6% were measured and fitted with
the famous Vand’s model, and all slurries in the present
study exhibited Newtonian behaviors. The results of pres-
sure drop measurements showed a distinct transition
when slurry flow change from laminar to turbulent, and
the friction factors in turbulent flow fitted well with the
classical model based on Hagen–Poiseuille flow, while
the friction factor in laminar flow were lower than those
calculated from Blasius equation due to the entry length
effect.

Experiments were performed in both laminar and
slightly turbulent flow velocity ranges for MPCM slurry
flowing in a horizontal circular tube with constant heating
rates. The local heat transfer coefficients were measured
and reported at steady state. The local heat transfer coef-
ficients for MPCM slurry were higher than those for pure
water due to the associated latent heat during phase-
change process. In the case of laminar flow, the local heat
transfer coefficients increased with the fraction of PCM
particle in the fluid, and three distinct regions are found
based on the calculated bulk mean temperature along
the test section. In the case of turbulent flow, local heat
transfer coefficients are significantly influenced by the
heating rates across the test section, and the maximum
values of heat transfer coefficient appeared earlier for a
higher heating rate than for a lower heating rate. The
average heat transfer coefficients as a function of mean
Reynolds number are also calculated for the turbulent
flow velocities, and were compared with those for
single-phase fluid flow predicted by the correlation in
the literature, it was found the heat transfer performance
of MPCM slurry was quite influenced by the turbulent
degree of the fluid.
A new laminar correlation equation was proposed from
appropriate dimensionless group used in the conventional
laminar convective correlations that could satisfactorily
predict the local heat transfer data within the error of
�15%. The new correlation equation will be useful for
the design of compact heat exchangers and thermal storage
systems with MPCM slurry applications.
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See Figs. A.1 and A.2.
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