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Abstract

Current cooling and heating distribution systems that use water as secondary fluid exhibit limited thermal capacity which can only be
overcome by high flow rates and large (volume) capacity. A successful way to enhance the thermal capacity of secondary fluid systems is
by incorporating microencapsulated phase change material (MPCM) slurry. However, a full understanding of the physical properties and
heat transfer characteristics of MPCM slurry in the 2–8 �C range (35.5–46.5 �F) still is lacking. In the paper, latent heat of fusion, melting
and freezing points, and temperature- and concentration-dependent viscosity data, are presented. Results indicate that selection of nucle-
ating agent type and concentration is required to prevent the supercooling phenomenon. Pressure drop and convective heat transfer data
were measured using a heat transfer loop operated at different flow rates and heat flux values. Results indicate that the phase change
process and slurry mass fraction affect the heat transfer process. The paper also examines the impact of using enhanced surface tubing
in combination with MPCM slurry under constant heat flux and turbulent conditions.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, researchers and engineers have investigated
the effects, advantages and disadvantages of incorporating
phase change materials in secondary heat transfer fluids
with the objective of increasing thermal capacity in district
cooling applications. More recently, research has shown
that heat capacity in those systems can be increased by
fourfold [1]. However, wide implementation of PCM in
cooling systems has been limited by several operational fac-
tors including clogging of pipes and limited heat transfer
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rates in heat exchangers [2,3]. Recent developments have
demonstrated that microencapsulation of phase change
material (MPCM) can be applied to circumvent the prob-
lems associated with PCMs. By microencapsulating and
isolating the phase change material from its surroundings
and the carrier fluid, the phase change material is less likely
to hamper the heat transfer process. MPCM slurries have
indeed become a viable option for heat transfer processes
in recent years. However, MPCMs also host a series of
implementation concerns including supercooling, durabil-
ity, increased pressure drop and limited heat transfer. In
the end, the heat transfer effectiveness of any MPCM slurry
must be fully characterized and understood to become a
fully viable heat transfer fluid.
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Nomenclature

C heat capacity, kJ/kg
cp specific heat, kJ/kg �C
dp particle diameter, lm or m
d pipe or tubing diameter, m or mm
f Darcy friction factor
g gravity constant, m/s2

h convective heat transfer coefficient, W/m2 �C or
kW/m2 �C

hf head or pipe loss, m
k thermal conductivity, W/m �C
k+ dimensionless roughness
k roughness, m
L tubing length, m
Le characteristic turbulence length scale, m
LHF latent heat of fusion, kJ/kg
_m mass flow rate, kg/s
MF mass fraction
Nu Nusselt number, hL/kf

Pr Prandtl number, cpl/k
Pe Peclet number, RePr
q00w wall heat flux, W/m2

q00 heat flux, W/m2

R pipe radius, m
Re Reynolds number, Vdq/l
Rep particle Reynolds number, Vdpq/l

Ste Stefan number
thp particle thickness, m or lm
Tbulk bulk fluid temperature, �C
Twall wall temperature, �C
U* friction velocity, m/s
V fluid velocity, m/s
y particle size, m

Greek symbols

a heat diffusivity, k/qcp

k latent heat of fusion, kJ/kg
e roughness, m
/ percent of particles migrating to before-melting

region
q fluid density, kg/m3

m kinematic viscosity, m2/s
l, g dynamic viscosity, cP or mPa s
s fluid shear stress, Pa
DP pressure drop, kPa

Subscripts

B bulk
MPCM microencapsulated phase change material
P particle
W wall
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In this paper, thermophysical properties data of MPCM
slurry, including latent heat of fusion, apparent specific
heat, melting and crystallization temperature points, and
apparent viscosity, are presented. The paper also presents
how enhanced surface copper tubing combined with
MPCM slurry impact the heat transfer process under con-
stant heat flux and turbulent conditions.
2. Background

2.1. Phase change materials

For several years, research activities have shown that
PCMs can enhance the heat capacity of secondary fluids.
Researchers have tested paraffins and ice slurries as heat
capacity enhancers. Bellas et al. [4] used ice slurries to
increase the thermal capacity of an existing system. Choi
[3] and others [5–10] have used paraffins because their melt-
ing points are at least few degrees greater than the carrier
fluid (water). Full implementation of plain PCM in second-
ary fluid applications has been limited due to the tendency
of PCM to form clumps, which exhibit lower thermal con-
ductivity during the solidification process. Also, PCM stud-
ies have revealed that higher mass fractions yield higher
effective specific heat [3]. However, higher mass fractions
also result in higher apparent viscosity, which translates
into greater pumping power [3,4,7] and lower thermal con-
ductivity near or on the boundary layer. Choi [3] observed
that melted PCM tends to remain near the surface of the
heat-conducting pipe while still-solid emulsions remain
near the fluid core. Since liquid paraffins have lower
thermal conductivity than water, the overall heat transfer
process is critically limited which outweighs any coincident
enhancements in heat capacity. Despite the use of emulsifi-
ers [3], accumulation of frozen PCM particles on heat
exchanger surfaces has been observed, which limits heat
transfer. Choi [3] also observed significant changes in pres-
sure drop once the PCM emulsion had melted.
2.2. Microencapsulated phase change material

Few journal articles concerning MPCM physical prop-
erties have been published. Roy and Sengupta [11] con-
ducted experimental studies to evaluate the properties of
MPCMs with two characteristic thicknesses. Differential
scanning calorimetery (DSC) was used to determine the
thermal properties. Yamagishi et al. [12] presented experi-
mental results indicating that MPCM particle size does
not affect melting temperature and latent heat of fusion.
However, the degree of supercooling or the difference
between crystallization and melting temperature points
increased when particle size, dp, was less than 100 lm. As
a result, Yamagishi et al. [12] also used and tested nucleat-
ing agents with molecular structure similar to the PCM
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molecules and were able to suppress the supercooling effect
considerably. Alvarado [13] conducted a series of experi-
ments and evaluated the thermal properties of tetradecane
microcapsules with an average size of 4.4 lm. Yamagishi
et al. [2] presented empirical data for microencapsulated
octadecane obtained by using DSC equipment, a Couette
viscometer [12], and a heat transfer loop [2]. Their results
indicate that anionic surfactants can decrease the apparent
viscosity of MPCM slurry and turn it into Newtonian-like
fluid at high mass fractions (20–30%). The results also indi-
cate that the relative viscosity of the MPCM slurry was
independent of temperature. As a result, Yamagishi et al.
[2] used the Vand model [14] to predict the relative viscosity
of the MPCM slurry at different volume fractions.

Ohtsubo et al. [15] presented experimental data that
explained why microcapsules fail structurally. Several
experiments show that as dp/thp increases, the percentage
of broken capsules increases, where dp and thp are micro-
capsule diameter and thickness, respectively.

A limited number of journal articles present and discuss
heat transfer and pressure drop data and characteristics for
MPCMs. Goel et al. [16] describe experiments of MPCMs
filled with n-eicosane where the experimental conditions
were limited to laminar flow and constant heat flux. Their
results indicate that the Stefan number (Ste) was the most
dominant parameter, especially for a Ste less than 1.0. Roy
and Avanic [17] showed that laminar forced convection
heat transfer characteristics for PCM are similar to
MPCMs. Based on observations and past research activi-
ties, MPCM walls seem not to have a significant impact
on the heat transfer process. For MPCM microcapsules
(less than 20 lm) filled with n-tetradecane, the calculated
Biot number is less than 0.1. Results also indicate that
the Reynolds number plays a significant role in the heat
transfer process. Yamagishi et al. [12] experimental data
shows that MPCM slurry approximately follows the
Blasius equation. They also conducted several heat transfer
experiments with uniform heat flux and turbulent condi-
tions. In their research, MPCM particles were made of
octadecane (C18H38) which varied in size between 2 and
10 lm. Results show that as mass fraction increases, turbu-
lent flow changes to laminar, which consequently changes
the heat transfer characteristics of the MPCM slurry.
Unlike the work by Choi [5], no evidence of pressure drop
fluctuations can be found when PCM melts within the
MPCM particles, and a constant relative viscosity is
observed when the slurry temperature increases [12,13].
At high mass fraction, pressure drop decreased, indicating
that the slurry became laminarized. One important obser-
vation was the effect of particle size on the convective heat
transfer coefficient. It is known that particle size [18,19] can
either enhance or suppress turbulence which affects
momentum and heat transfers. In the case of small MPCM,
turbulence is significantly suppressed [2,13]. One significant
assumption is that all microcapsules are small, hence, they
melt and solidify instantaneously. Experimental data [2,13]
suggest that at an identical heat flux, water has a higher h
than MPCM slurry. It was concluded that changes and
lower values in viscosity promoted turbulence better in
water than in MPCM slurry. Yamagishi et al. [2] used
Choi’s model [3] to predict the local Nusselt number, which
is defined as

Nux ¼ 0:00425 � ðRe0:979
bx Pr0:4

bx Þ
gwx

gbx

� ��0:11

ð1Þ

where, Nux, Rebx, Prbx, gwx, and gbx are local Nusselt, local
Reynolds, and local Prandtl numbers respectively, and
local wall and bulk viscosities, respectively. They observed
that Choi’s model could be used to predict after-melting
behavior (if the single-phase approximation is based on
Rex and Prx). However, the model poorly predicted the be-
fore- and during-melting Nux because the MPCM phase
change process affects cp and h. Experimental data show
that higher heating rates yields lower h, which can be
attributed to a thicker boundary layer of melted PCM.
Data also show that at the same Reynolds number, h in-
creases with mass fraction. It was also evident that higher
Reynolds number favors a higher h more than positive
changes in mass fraction because higher mass fraction
yields higher viscosity and suppressed turbulence. In lami-
nar flow, MPCM benefits are limited because solid and
melted microencapsulated PCM segregates around the core
fluid [2]. However, recent publications [20,21] based on
numerical simulations show that laminar convective heat
transfer of MPCM slurries can be enhanced by tweaking
several variables including Reynolds number and particle
size.
2.3. Enhanced surfaces

Durmus et al. [22] present experimental results where
snail-type swirl generators were used to augment heat
transfer rates. Results indicate that Nusselt number (Nu)
can be increased from 80% to 200% for 15–75� swirling
angles for air in a counter-flow configuration, but pressure
drop increased by 110%. Performance was better when
high swirling angles and low Reynolds numbers were used.
Fossa and Tagliafico [23] tested and measured heat transfer
rates with and without smooth, finned, grooved pipes
which indicate that polymeric additives reduce friction fac-
tor but also decrease the Nusselt number. Finned and
grooved pipes show a sharper reduction in Nusselt number
than smooth pipes for concentrations of 40 ppm and Rey-
nolds number between 7000 and 10,000. Fanning friction
factor, f, decreases with respect to pure water only in turbu-
lent flows, by about 25% for finned or grooved pipes and
about 20% for smooth pipes. Results also indicate that con-
ductance is greater for finned pipes than for smooth pipes
with or without additives. Results also indicate that friction
factor reduction reaches a minimum at a specific Reynolds
number and additive concentration. Liao and Xin [24]
present experimental results on heat transfer and friction
characteristics for various liquids with turbulent, transi-
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tional, and laminar flow inside a pipe with twisted-tape
insert. Results indicate that in turbulent and transitional
flows, heat transfer is increased slightly while pressure drop
increases significantly. When VG46 turbine oil flow is lam-
inar, the Stanton number is 5.8 times higher when a
twisted-tape insert is used instead of a smooth pipe. The
friction factor, f, increases 6.5 times also under the same
conditions. Stanton number and f with twisted-tape inserts
increase with lower tape twist ratio. Segmented twisted-
tape inserts can decrease f by 41–44% and Stanton number
by 15–18% in relation to a continuous twisted-tape insert.

As seen above, only Yamagishi et al. [2] have brought
together some of the issues concerning MPCM. In the next
sections, experimental data for microencapsulated tetrade-
cane are presented including pressure drop and heat trans-
fer rates results when smooth and enhanced tubing were
used.
Fig. 1a. MPCM particle size distribution.
3. Physical characterization of microencapsulated

tetradecane

3.1. Size characterization

The MPCM used in this study were made by microen-
capsulating 99% n-tetradecane with gelatin through the
process of coacervation. The process produces cross-linked
microcapsules in the range of 2–260 lm (diameter). Several
batches of microencapsulated n-tetradecane were prepared
to determine the best chemical composition (phase change
material and nucleating agent) to minimize the supercool-
ing phenomenon and ensure the long-term durability of
the microcapsules, the two main challenges in the design,
fabrication and implementation of MPCMs. Table 1a
shows the composition and particle size range for the differ-
ent MPCM slurry batches that were tested.

Each batch was examined under a microscope equipped
with a software package capable of measuring particle or
microcapsule diameter. Magnifications of 100�, 400�
and 1000� were used to determine particle size of each
micrograph. Over 300 microcapsules were carefully mea-
sured. Fig. 1a shows the particle size distribution of
MPCM slurry with the optimal supercooling and durabil-
ity characteristics.

Alvarado [13] determined that MPCM slurry behaves as
a homogeneous fluid based on visual observations. Analy-
Table 1a
Characteristic size range of MPCM particles

Batch
number

Phase
change
material

Nucleating
agent

MPCM size
range (lm)

Average
microcapsule
diameter (lm)

1 99.8%
tetradecane

0.2% fume
silica

90–150 100

2 98%
tetradecane

2%
tetradecanol

70–260 145

3 94%
tetradecane

6%
tetradecanol

2–10 4.4
sis shows that the total vertical displacement of a 10 lm
MPCM particle in a 1.5 m heat transfer section is less
10 lm at a slurry velocity of 0.6 m/s, if gravitational and
buoyant forces are taken into account [25]. Also, turbu-
lence promoters were installed and used between each heat
transfer section to make sure MPCM particles were uni-
formly distributed. Therefore, no MPCM particle segrega-
tion was observed at slurry velocities equal to or greater
than 0.6 m/s.
3.2. Thermal properties characterization of MPCM slurry
by using DSC

A differential scanning calorimeter (DSC) was used to
determine the thermal properties of microencapsulated
tetradecane, a critical step in the characterization of
MPCMs. The DSC measures the amount of heat absorbed
or released by a sample in comparison with a standard ref-
erence. The resulting energy-temperature curve is used to
determine latent heat of fusion and melting point [26–28].
More information on DSC methods and equipment can
be found in ASTM E 1269.

A TA Instruments 2920 Modulated Differential Scan-
ning Calorimeter was used to determine the thermal prop-
erties of MPCM slurry. Helium gas at a flow rate of
26 cm3/min was used as purge gas. The DSC was calibrated
by performing baseline, cell constant and temperature cal-
ibration runs. The information collected from the calibra-
tion runs were taken into consideration by the software
built into the DSC for computing thermal properties. The
built-in software compared the data from the all the cali-
bration runs and determined baseline slope, baseline offset,
cell constant values, and temperature corrections. The
combined average cell constant value was 1.09, which
was used as a correction factor to determine how much
energy was actually delivered and received by each
specimen. The calibration and experimental runs were
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Fig. 1b. Apparent specific heat of MPCM slurry (94% tetradecane + 6%
tetradecanol).

Table 1b
DSC results for bulk and microencapsulated tetradecane

Mixture description Tm

(�C)
Tsol

(�C)
k
(J/g)

Bulk 100% tetradecane 5.5 0 215
Microencapsulated 100% tetradecane 5.2 �4.2 215
Bulk 96% tetradecane + 4% tetradecanol 5.5 5 206.4
Microencapsulated 96% tetradecane + 4%

tetradecanol
5.2 2.0 206.4

Bulk 94% tetradecane + 6%
tetradecane + 6% tetradecanol

5.5 5 202.1

Microencapsulated 94% tetradecane + 6%
tetradecanol

5.1 2.4 202.1

Note: Tm, Tsol, k are melting temperature, crystallization temperature,
latent of heat of fusion, respectively. MPCM size range: 2–10 lm.
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performed by using a heating rate of 3 �C/min for all the
experiments. Based on the calibration process, the DSC
results are within a 2% relative error. Every MPCM slurry
sample was placed in a vial and magnetically stirred to
make sure all the particles remained in suspension, before
conducting the DSC experiments. Specially designed sealed
DSC pans were carefully used and reopened after each
DSC test to allow evaporation of the carrier fluid (water)
to determine the mass fraction of each sample.

DSC experiments were carried out to measure the latent
heat of fusion and melting point of bulk tetradecane with
and without nucleating agent. DSC results indicate that
100% bulk tetradecane heat of fusion value and melting
and crystallization points are 215 J/g, 5.5 �C and 0.0 �C,
respectively. DSC curves and data for bulk tetradecane
can be found in Alvarado et al. [29].

To avoid any degree of supercooling (difference between
melting and solidification points), a batch of MPCM con-
taining 0.2% of fumed silica as nucleating agent was made.
The experimental data show that an average MPCM parti-
cle consists of 88.3% of n-tetradecane and 11.7% of micro-
capsule wall material.

Under equilibrium conditions, the melting and crystalli-
zation points are identical. However, due to the size of the
MPCM particles and finite cooling rates (1–9 �C/min),
MPCM particles exhibit a certain degree of supercooling.
Supercooling is defined as the difference between freezing
(i.e. crystallization) and melting points. DSC experiments
clearly show that the degree of supercooling for microen-
capsulated tetradecane containing 0.2% of fumed silica still
is significant and highly undesirable since the carrier fluid is
water, whose bulk melting and crystallization points are
0 �C. As a result, considerable amount of effort was under-
taken to understand the nature of supercooling in micro-
capsules. Most knowledge about supercooling is provided
by the Classical Nucleation Theory (CNT) and several
experimental results published in the past 20 years.

Classical Nucleation Theory asserts that liquid-to-solid
transformations take place because of a homogeneous or
heterogeneous nucleation mechanism. Homogeneous nucle-
ation relies on the formation and growth of stable nuclei
within the microcapsule while heterogeneous nucleation is
a surface-mediated mechanism. It is known that homoge-
neous nucleation has a greater nucleation barrier than heter-
ogeneous nucleation and entails greater supercooling or a
lower temperature for stable nuclei to form and grow [30].
Montenegro and Landfester [31] found that nanodroplets
(125–500 nm) showed a considerable degree of supercooling,
indicating homogeneous nucleation as the preferred type of
nucleation mechanism. The most recent experimental data
also show that the initiation of freezing temperature does
depend on particle size [12,30].

Yamagishi et al. [12] encountered similar difficulties in
suppressing supercooling and used paraffin-like molecules
with higher melting points than their homologous mole-
cules as nucleating agents. To determine the right amount
and type of nucleating agent for microencapsulated
tetradecane so the supercooling phenomenon could be con-
trolled effectively, bulk mixtures of tetradecane and tetra-
decanol at different ratios were tested by using DSC.
Fig. 1b shows the DSC results for different concentrations
of tetradecanol in tetradecane. In bulk samples, 2% of
tetradecanol is sufficient to suppress supercooling almost
entirely.

DSC results for MPCM containing 98% tetradecane and
2% tetradecanol (2nd batch) that varied in size between 70
and 260 lm in diameter indicate that the degree of superco-
oling is considerably less than in the previous case. How-
ever, durability test results later indicated that the second
batch was unsuitable for further testing. Detailed descrip-
tion of the durability experiments and their results are pre-
sented later in the article. Several thermal characterization
experiments using DSC were conducted to determine the
best combination of phase change material, nucleating
agent and microcapsule size. The results of the experiments
are presented in Table 1b.

The results shown in Table 1b reiterate previous findings
that microcapsule size does have an impact on the phase
change material crystallization temperature. However, due
to durability problems of larger capsules (over 100 lm),
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microcapsule size should be less than 20 lm to avoid
breakage.

To estimate the effect of using MPCM made of 94%
tetradecane + 6% tetradecanol in a district cooling applica-
tion, the apparent specific heat as a function of mass frac-
tion was calculated for a slurry temperature rise of 5 �C,
Fig. 1c.
3.3. Durability of MPCM

MPCMs need to withstand continuous pumping and
turbulent flow conditions for a considerable amount of
time to be able to be used in heat transfer applications. Sev-
eral batches of MPCM particles were subjected to durabil-
ity tests. A durability test loop was built and used to
determine what percentage of a fixed amount of MPCM
slurry could survive continuous pumping and surface fric-
tion losses. The durability loop consisted of a closed loop
made of copper tubing that varied in diameter from
10.9 mm to 25.4 mm (3/8 to 1 in.). A Moyno progressing
cavity pump was used to pump the MPCM slurry through
the system because it has shown previously to cause the
least damage to MPCM particles and can handle viscous
slurries [12]. Periodic samples were taken and analyzed.
First, samples were optically examined by using a labora-
tory-grade microscope with magnifications varying be-
tween 40� and 1000� to look for any physical damage.
Second, the total amount of released or free tetradecane
was determined by using a filtration device that separated
Table 1c
Results from durability experiments

Batch
number

MPCM size range
(lm)

Total time of durability
testa (h)

% of br
(%)

1 90–150 9.7 15.5
2 70–260 5 16
3 2–10 7 0b

a Total time includes cumulative results for the same batch at low and high
b No significant amount of free or released tetradecane was detected (withi
the liquid phase (including any free tetradecane) from the
solid phase (unbroken microcapsules). If a considerable
amount of particles (i.e. 10% or more) broke as a result
of durability testing, smaller capsules or capsules with
greater thickness-to-diameter ratio were then tested.
Ohtsubo et al. [15] showed experimentally that the thick-
ness-to-diameter ratio is the primary variable that predeter-
mines the long-term durability of microcapsules. The
objective was to design and test microcapsules with a fail-
ure rate of less than 2%. The filtration device used to sep-
arate the solid phase from the liquid phase consisted of a
0.2 lm membrane filter and membrane holder. A vacuum
line was connected to the discharge side of the membrane
holder to speed up the filtration process.

As part of the durability test procedure, different exper-
imental conditions were selected, including slurry velocity
and level of turbulence. The slurry velocity ranged between
0.3 m/s (1 ft/s) and 2.44 m/s (8 ft/s), to determine the
degree of damage, if any. Three batches of different MPCM
size range were tested, and the results are summarized in
Table 1c.

The results depicted in Table 1c are consistent with the
results published by Yamagishi et al. [12], which also con-
clude that microcapsule size is the main factor affecting
durability. The durability experimental results clearly indi-
cate that small microcapsules (2–10 lm) show the least
degree of damage, and therefore are suitable for further
experimentation. The results also show that after 1200 cir-
culation times or cycles through the progressing pump (3rd
batch), no significant damage on the microcapsules was
detected. Also, no perceivable physical damage or deterio-
ration of MPCM thermal properties was detected after the
culmination of all the pressure drop and heat transfer
experiments.
3.4. Viscosity measurements of MPCM slurry

Past investigations have described and reported on the
impact of spherical particles on the apparent viscosity of
slurries. Vand [14] carefully studied the interactions among
particles in liquids, and proposed a model, which has been
regarded as the basis for the study of slurry viscosity. Tho-
mas [32] also studied in detail and proposed viscosity
models for dilute and concentrated suspensions. Yamagishi
et al. [12] presented viscosity data that were acquired
from several experiments by using a cylindrical Couette
oken microcapsules Slurry velocity
(m/s)

Accumulative circulation
times

0.6–2.4 700
0.6 400
0.6–2.4 1200

mass fraction.
n a 2% margin of error).
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viscometer and pressure drop measurements. In that study,
the apparent viscosity of MPCM slurry clearly showed a
Newtonian fluid behavior when a 1% anionic surfactant
was used. A later study [2] showed that the relative viscos-
ity of MPCM slurry was fairly independent of temperature,
suggesting a strong correlation with changes in the viscos-
ity of pure water.

For this study, absolute viscosity was measured to
be able to calculate and predict the effective Reynolds
number and the associated turbulence range. As a result,
an experimental heat transfer test loop was designed and
constructed to measure heat transfer rates. A tempera-
ture-controlled concentric viscometer was used to deter-
mine the apparent viscosity of MPCM slurry. The device
measures the viscosity of a sample by measuring the torque
exerted by the fluid against a rotating cylinder. A Brook-
field viscometer, model LVT with a microliter (UL) adap-
ter was used to measure the viscosity of the MPCM
slurry. For temperature control, the container or UL adap-
ter was connected to a water bath that circulated water at a
fixed temperature. A solution of laboratory-grade propyl-
ene glycol–water mixture at 34.6% and known viscosity
values was prepared to calibrate the viscometer. The
viscometer was calibrated at different temperatures and
spindle rotational velocities after the system had reached
a constant temperature for at least 30 min. It was deter-
mined that the viscometer was within a 1% margin of error,
which supports the viscometer manufacturer claim.

The viscosity of MPCM samples at different mass frac-
tions was measured at 12, 30, and 60 rpm to determine if
the slurry behaved as a Newtonian fluid. Each sample
was in the UL adapter for 30 min and stirred magnetically
to make sure all the microcapsules were in suspension
before measuring viscosity. Three measurements were
taken for every sample. The mass fraction of each sample
was determined by taking about three 20 ll samples of
MPCM slurry from the UL adapter. Each 20 ll sample
was dried to determine its water content and mass fraction.
Statistical analysis was used to determine which set of data
points was suitable for further analysis. Fig. 1d shows the
statistically significant viscosity results.

Fig. 1d shows that the relative viscosity of MPCM slurry
(size: 2–10 lm) seems to be independent of temperature
regardless of mass fraction, reaffirming the results pre-
sented by Yamagishi et al. [2]. Relative viscosity is defined
as the ratio between the apparent viscosity of MPCM
slurry to that of water at a given temperature. Thomas
[31] analyzed several experimental results reported earlier
and noted lower relative viscosity for the same mass frac-
tion shown in Fig. 1d. However, Yamagishi et al. [2] also
found that MPCM slurry has a higher relative viscosity
than indicated in the data collected and analyzed by Tho-
mas [32] and comparable to the data depicted in Fig. 1d,
suggesting that microcapsule shape and rigidity may be
playing a role in increasing relative viscosity [2]. However,
it is not clear if particle rigidity or shape can explain the
increased relative viscosity values. Further studies are nec-
essary to determine what causes increased viscosity includ-
ing the hydroscopic nature of the microcapsule wall and
the tendency to attract surrounding water. The MPCM vis-
cosity results also indicate that MPCM slurry behaves as a
Newtonian fluid at least up to a mass fraction of 17.7%.

The impact of higher viscosity at lower temperature and
higher mass fraction should also be taken into consider-
ation when selecting operating conditions or sizing equip-
ment, because higher viscosity represents higher pumping
power, lower turbulence, and lower overall thermal con-
ductivity, which could reduce local heat transfer rates in
the absence of a phase change process. The data depicted
in Fig. 1d can also be used for thermal system simulations
and to estimate level of turbulence in the slurry.
4. Microencapsulated phase change material slurry pressure

drop and convective heat transfer characterization

4.1. Experimental system design

A heat transfer section was designed to measure the con-
vective heat transfer and pressure drop of MPCM slurry
before, during, and after the phase change material has
undergone a solid-to-liquid transformation. To achieve
fully turbulent conditions at different MPCM slurry mass
fractions, the Reynolds number was calculated taking into
account pipe diameter, fluid velocities between 0.6 and
2.4 m/s, and the measured slurry viscosity.
4.1.1. Experimental heat transfer section

A 12.2 m (40 feet) long heat transfer section was con-
structed and tested to be able to determine the convective
heat transfer coefficient and pressure drop of MPCM slurry.
The copper tubing length guaranteed a full phase change
transition as well as hydrodynamic and thermal entry length
requirements. The section consisted of eight 1.52-m (5 foot)
long subsections made of 10.9 mm (3/8 in.) copper tubing.
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Each subsection had a total of five thermocouples type T
soldered to the outer surface at 30.5, 61, 76.2, 91.4 and
121.9 cm (12, 24, 30, 36, and 48 in.) from either end of the
subsection. Each tubing subsection was then coated with
plastic paint to minimize electrical conduction. A 24 gauge
insulated nichrome wire was coiled around the copper tub-
ing to provide constant heat flux. Each tubing subsection
had three independent nichrome wire sections all connected
in parallel. The entire heat transfer section consisted of 24
independent nichrome wire sections all connected in parallel
to ensure constant heat flux. Additional nichrome wire was
added as external resistance as needed to balance the electric
load (voltage-squared/resistance or current-squared * resis-
tance) so each section could provide the same overall heat
flux. Additional nichrome wire was connected by using
ceramic terminal blocks that were not in direct contact with
the tubing sections. A thick layer of fiberglass insulation
was used to thermally insulate each subsection.

The subsections were connected by using PVC coupling
and plastic tubing to minimize axial heat conduction. Ther-
mocouples were placed between each subsection to mea-
sure the fluid temperature. A strip of twisted copper sheet
was inserted in the PVC coupling to ensure ‘‘mixing cup”

or well mixed temperature conditions. All the sections were
aligned horizontally by using a laser level. A Moyno Pro-
gressing cavity pump was used to pump the slurry through
the system. An Omega magnetic flowmeter was used to
measure fluid velocity to an accuracy of 0.5%. The perfor-
mance of the magnetic flowmeter was validated by per-
forming a simple bucket-watch experiment with water.
Three Cole Parmer pressure differential transducers were
used to measure pressure drop. Each pressure transducer
could detect up to 17.2 kPa (2.5 psig) with 0.25% accuracy
of the full range. Two alternating current variable voltage
transformers (Variacs) were used as power supplies. Each
could provide from 0 to 208 V. For data logging, an Agi-
lent Data Logger (34970A Data Acquisition/Switch Unit)
with three multiplexer cards was used to record tempera-
ture and pressure drop. An independent power meter was
Pump

Heat Transfer Secti

Flowmeter
Power
Supply

Fig. 2a. Schematic of
used to measure total power consumption as well as cur-
rent and voltage delivered by each transformer.

The last subsection of the heat transfer loop was inter-
changeable, which allowed for changes in pipe diameter
or tubing type. In addition to using 10.9 mm (3/8-in.) cop-
per tubing, soft copper and enhanced copper tubing of
8 mm was also used to determine the impact of dpipe/dparticle

ratio and tubing roughness (or enhancement) on the heat
transfer process. The enhanced tubing section consisted of
helical microfins of 200 lm in height and width, with about
60 microfins around the circumference. The orientation of
the microfins with respect to the longitudinal axis was 18�.

A water-ice bath was used as the cooling medium to
force the microencapsulated phase change material to
undergo a liquid-to-solid transformation. Two compact
heat exchangers were used to provide enough heat transfer
area to ensure full phase change. A simple schematic of the
entire system is shown in Fig. 2a.

Calibration of the thermocouples was performed in situ.
Based on the recorded and scanned temperature values,
appropriate and acceptable offset and gain values were
determined for each thermocouple, all within 10% of the
non-calibrated settings. Several heat transfer experiments
with plain water were conducted to validate the calibration
procedures. The following sections explain in details the
validation procedure and results.

4.2. Pressure drop measurement – water test

Pressure drop data was analyzed and compared with the
Darcy-Weisbach Eq. (2), the Colebrook correlation for
friction factor (3), and the steady-flow energy Eq. (4):

Darcy-Weisbach:

hf ¼ f
L
d

V 2

2g
; m ð2Þ

where f, L, d, V, and g are the friction factor, pipe length,
pipe diameter, fluid velocity, and gravitational constant,
respectively.
on 

Ice-water Bath 

Heat
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Data
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heat transfer loop.
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Colebrook equation [33]:

1ffiffiffi
f
p ¼ 1:14þ 2 log

d
e

� �
� 2 log 1þ 9:3

Re e
d

� � ffiffiffi
f
p

" #
;

for Re > 3000 ð3Þ

where f, e/d, and Re are the friction factor, relative rough-
ness, and Reynolds number, respectively.

Steady-flow energy equation (for horizontal pipes):

hf ¼
DP
qg

ð4Þ

where hf, DP, q, and g are friction head loss, pressure drop,
fluid density, gravitational constant, respectively.

Three wet-to-wet differential pressure transducers from
Cole-Parmer were used to measure pressure drop at several
velocities and slurry concentrations. The pressure transduc-
ers were calibrated using the specifications provided by the
manufacturer. The calibration results were validated by
using plain water. The pressure transducers generated a
current signal which was converted to pressure units by
the data acquisition unit (Agilent unit).

The validation results indicate good agreement with the
calculated results for the same flow conditions assuming
smooth tubing surface (within 8% relative error). The
results from the pressure drop test using enhanced tubing
were compared with simulated and calculated results based
on the Colebrook equation. Simulated results were based
on the standard roughness factor (e) for copper tubing
and 0.2 mm for the enhanced tubing to take into account
the microfin enhancement size.

Pressure drop experiments [13] suggest that a roughness
factor value for an 8 mm enhanced tubing section falls
between the characteristic value for smooth copper tubing
and a roughness value of 0.2 mm. As per the Colebrook
equations, a roughness factor of 0.1 mm seems to reason-
ably match the pressure drop profile of the enhanced tub-
ing [13].

4.3. MPCM slurry pressure drop test

Several pressure tests were conducted to determine pres-
sure drop of MPCM slurry at two mass fractions. Pressure
drop data were collected when the slurry reached steady-
state temperature and flow conditions. Fig. 2b shows the
results from a pressure drop test at low mass fraction
(5.9 ± 0.4%). Fig. 2b also shows a simulated pressure drop
profile for water based on the Colebrook equation at the
same flow conditions as for the MPCM slurry. The results
indicate that pressure drop increases slightly when MPCM
particles are used, but not significantly enough to affect
pumping power.

Fig. 2c shows pressure drop results at 5.9% (±0.4%)
mass fraction when 8 mm smooth, and 8 mm enhanced
tubing sections were tested. Pressure drop for MPCM
slurry is lower than a simulated pressure drop profile for
water based on the Colebrook equation and an 8 mm
smooth tubing section. Fig. 2c also reveals that enhanced
and smooth tubing sections display similar pressure drop
behavior and magnitude. The plot also shows that the
experimental pressure drop for water is greater than for
the MPCM slurry at 5.9% mass fraction when enhanced
tubing was tested. The results may suggest that a small
amount of microcapsules ruptured and released phase
change material into the carrier fluid, creating favorable
conditions for a drag-reducing effect [34]. Samples were
taken and examined to look for broken capsules or released
tetradecane within a 2% margin of error. No significant
amount of tetradecane could be detected and micrographs
could not reveal the presence of broken capsules. It is plau-
sible that the microencapsulation process produced a small
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amount of aggregates (not fully formed capsules) that were
prone to early breakage. Visual inspection of the entire
batch did not reveal any significant amount of free tetrade-
cane at the surface of a 10-litre container, so only a small
amount of free tetradecane might have remained in solu-
tion. It is plausible that a small amount of free tetradecane
could have cancelled any drag effect associated with the
enhanced surface [23]. Fossa and Tagliafico [23] observed
significant drag reduction or friction coefficient reduction
(5–25%) when long-chain molecules in concentrations from
5 to 40 ppm were tested in combination with tubing that
had helical groove enhancements.

Fig. 3a shows pressure drop results at 13.4% and 15.2%
(±0.4%) mass fractions for a 10.9 mm smooth tubing sec-
tion. Pressure drop for MPCM slurry at 15.2% mass frac-
tion is relatively higher than a simulated pressure drop
profile for water based on the Colebrook equation when
a 10.9 mm tubing section was used. The results are consis-
tent with the pressure drop results seen at low mass frac-
tions, suggesting that the same mechanisms are also in
play at higher mass fractions.

As seen in all cases, pressure drop does not increase with
particle loading, suggesting that a drag-reducing effect
could play a major role in reducing friction and pressure
drop. As noted earlier, small microcapsules (2–10 lm) sup-
press turbulence [35] and have a considerable impact on
pressure drop too. The Reynolds number range is shown
in each figure and is based on the apparent viscosity of
the MPCM slurry at the specified mass fraction.
4.4. Convective heat transfer coefficient measurement –

water test

Water heat transfer tests were conducted and tempera-
ture data were collected by using thermocouples and a sen-
sitive data acquisition system as described above. The
amount of power for each section was measured to deter-
mine each section’s associated heat flux. Each section
experimental heat transfer coefficient was calculated based
on the following relation:

h ¼ q00

T wall � T bulk

ð5Þ

where q00, Twall, and Tbulk are the wall heat flux, wall tem-
perature, and bulk fluid temperatures respectively. The
experimental convective heat transfer coefficient was ana-
lyzed and compared with the Gnielinski correlation:

Nud ¼
f
8

� �
ðRed � 1000ÞPr

1þ 12:7 f
8

� �1=2ðPr2=3 � 1Þ
ð6Þ

where Nud, f, Red, and Pr are the Nusselt number, friction
factor, Reynolds, and Prandtl numbers, respectively. The
Gnielinski correlation is valid for 0.5 < Pr < 2000 and
3,000 < Re < 5 � 106, and takes into account the friction
factor. Other correlations, including the Dittus-Boelter
and Sieder and Tate correlations, are valid when the Rey-
nolds number is greater than 10,000.

The following equation is used to determine the convec-
tive heat transfer coefficient based on the Nusselt number:

h ¼ Nud

k
d

ð7Þ

where h, Nud, k, and d are the convective heat transfer coef-
ficient, Nusselt number, fluid thermal conductivity deter-
mined at the bulk fluid temperature, and pipe diameter,
respectively.

The validation heat transfer experiments indicate good
agreement with the Gnielinski correlation evaluated at
the same conditions and fluid properties. Uncertainty anal-
ysis revealed that the compounded error was less than
±8.0%. Using the Gnielinski correlation for smooth tubing
under identical conditions, fluid properties, and tubing
characteristics, the enhanced tubing enhancement factor
is 1.17. The enhancement factor is defined as follows:

Enhancement Factor ¼ henhanced

hsmooth

ð8Þ

where henhanced, and hsmooth are the heat transfer coefficients
for enhanced tubing and smooth tubing, respectively. The
experimental heat transfer coefficient for the enhanced tub-
ing is based on a diameter of 8 mm (smooth). However, the
defined enhancement factor does not reflect the enhanced
tubing actual heat transfer area. The enhanced tubing has
approximately 1.6 times the amount of surface area of
smooth tubing for the same diameter.

After taking into account the enhanced tubing addi-
tional surface area, it can be concluded that that the micro-
fins or enhancements on the tubing inner surface curtail the
heat transfer process but make up the difference by provid-
ing more surface area for heat transfer. This suggests that
enhancements affect the momentum transfer from the wall
to the bulk fluid. Zukauskas [36] studied the impact of
enhancements in detail and concluded that the height of
the enhancement should only be high enough to disturb
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the viscous sublayer in liquids. Zukauskas [36] defined a
dimensionless roughness height, k+, which is defined as
follows:

kþ ¼ ku�
m

ð9Þ

where k+, k, u*, and m are the dimensionless roughness,
roughness height, friction velocity, and kinematic viscosity,
respectively.

Previous experiments [35] showed that k+ should fall
between 5 and 70 for improving the heat transfer rate;
otherwise the enhancement could be ineffective. In the case
of water at 1.76 m/s, k+ is about 0.25, which suggests that a
higher enhancement is advisable as long as the pressure
drop does not increase drastically.
4.5. MPCM slurry heat transfer test

Several heat transfer experiments were conducted to
determine the convective heat transfer coefficient of
MPCM slurry at high and low mass fractions. Temperature
and power readings necessary for the calculation of the
heat transfer coefficient were taken when the slurry inlet
temperature reached a steady state value of approximately
1.8 �C or less. When the inlet temperature reached 1.8 �C
or less, a full liquid-to-solid transformation of the phase
change material was assumed. Simple energy balance calcu-
lations based on temperature, power, and flow-meter read-
ings were performed to verify that the MPCM slurry
sensible and latent heat capacities match the energy input
within a margin of error of 10% or less.

Fig. 3b shows the experimental temperature profiles
(temperature vs. tubing length) for several heat transfer
tests of MPCM slurry at 7.0% (±0.4%) when the slurry
velocity was varied between 0.64 and 1.08 m/s. Fig. 3b also
shows that a 40% experimental heat capacity enhancement
can be obtained when assuming identical flow conditions
(initial temperature and flow rate) when using plain water.
Three distinct temperature regions are shown in Fig. 3b
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Fig. 3b. Heat transfer coefficient of MPCM slurry at 7.0%, 10.9 mm
regular tubing.
including before-melting (BM), during-melting (DM), and
after-melting (AM). In the DM region, where most of the
MPCM melting process takes places, the slurry tempera-
ture increases slightly even with significant constant heat
flux. The melting process of tetradecane helps maintain a
lower temperature in the carrier fluid (water), which in turn
allows heat transfer to occur at lower temperatures than
normal.

Fig. 3b also shows that the MPCM slurry temperature
profiles display three slope changes at approximately
5.5 �C. Under ideal circumstances, the temperature gradi-
ent for the DM region should be close to zero during the
phase change process. However, the experimental data
reveal a slope greater than zero because not all the micro-
capsules could undergo phase change at the same time.
Microcapsules closer to the tube wall undergo phase
change first, affecting the slurry bulk temperature as they
exchange energy with the surrounding fluid and other
microcapsules that have undergone only partial phase
change or none at all.

Figs. 3c and 3d show the experimental heat transfer
coefficient for several heat transfer tests of MPCM slurry
at 7.0% (±0.4%) within a 7% margin of error. Fig. 3c shows
that the convective heat transfer coefficient (h) peaks at
approximately 5.0 m. By comparing Figs. 3b and 3c, it is
evident that h reaches its maximum value at approximately
5.5 �C or near the melting point of tetradecane. Also, the
additional heat capacity available during the phase change
process (DM region) enhances the heat transfer coefficient
as shown in Figs. 3c and 3d and is in line with the notion
that at a higher heat capacity or Prandtl number, the con-
vective heat transfer coefficient increases accordingly [10].
It is also evident that h increases significantly with
fluid velocity because of greater momentum transfer at
high velocities. However, the heat transfer coefficient for
MPCM slurry is lower than that for pure water at the same
velocities, suggesting that MPCM particles attenuate tur-
bulence and momentum transfer. It is known that particle
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size can either enhance or suppress turbulence. Experimen-
tal data [35] suggest that small particles such as the ones
used here (2–10 lm), and whose relation to the characteris-
tic fluid length scale (dp/Le) is less than 0.1, have shown
considerable turbulence suppression and therefore, lower
momentum transfer.

Fig. 4a shows the MPCM slurry temperature profile at a
mass fraction of 16.5% in a 10.9 mm heat transfer section.
Fig. 4a shows that at a higher heat flux (16.3 kW/m2) and
higher velocity (1.21 m/s), the MPCM slurry exhibits
noticeable changes in temperature gradient. Fig. 4b shows
the heat transfer coefficient for MPCM slurry under same
conditions as in Fig. 4a, which is lower than that for plain
water under the same conditions. This indicates that
MPCM slurry at higher mass fractions (higher apparent
viscosity) results in lower turbulence, which curtails heat
transfer from the wall to the bulk fluid. On the other hand,
the experimental heat capacity (70%) is considerably larger
than that of water under the same conditions. To take full
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Fig. 4a. Temperature profile for MPCM slurry at 16.5%, 10.9 mm smooth
tubing.
advantage of the MPCM slurry heat capacity, enhanced
tubing that provides 60% more heat transfer area was also
tested.

Fig. 4c shows the heat transfer coefficient of MPCM
slurry at 7.0% mass fraction when smooth and enhanced
8 mm tubing sections were used. The experimental data
suggest that enhanced tubing does improve the heat trans-
fer process at low mass fraction, as indicated by the
enhancement factor shown in Fig. 4c. However, plain
water still has a greater heat transfer coefficient under
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identical conditions. This suggests two courses of action for
future studies: greater tubing enhancement or thermal con-
ductivity enhancement of the heat transfer fluid [13]. The
latter is currently being considered by the authors.

Fig. 4d shows the heat transfer coefficient of MPCM
slurry at 12.0% mass fraction when a 8 mm smooth tubing
section was used. As in the case of the 10.9 mm tubing sec-
tion, the heat transfer enhancement is 0.4, which can be
attributed to lower turbulence at higher mass fractions
and smaller tubing size. Fig. 5 shows that h decreases con-
siderably at higher mass fractions in enhanced tubing [13].
This may suggest that a larger pipe diameter and a different
type of enhancement could still enhance the MPCM slurry
heat transfer performance at high mass fractions.

Another important goal of the heat transfer experiments
was to determine the percentage (/) of particles that under-
went phase change before the bulk fluid reached the melt-
ing point of tetradecane. Energy balance calculations
were performed using Eq. (10) and taking into account
slurry temperature rise (DT) and heat transfer section
length (L) to determine /. The left and right sides of Eq.
(10) represent the heat transfer through the tube wall and
MPCM slurry heat rate, respectively.

q00wðpdÞL ¼ ð1� /Þ½ _mDT ðð1�MF Þcp water

þ ðMFÞcp MPCMÞ� þ /½ _mðMFÞkMPCM� ð10Þ

By also taking into account MPCM slurry mass flow
rate, heat flux, and mass fraction, the value of / for each
heat transfer experiment was calculated [13]. In the
before-melting (BM) region, / represents the average per-
centage of MPCM particles transferring from the core fluid
to the viscous layer region, where the wall layer fluid is at a
sufficiently high temperature to cause phase change of the
MPCM particles entering that region. Alvarado [13]
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observed that / increases with heat flux (or a greater ther-
mal gradient near the surface) and flow rate (or higher
momentum transfer from the wall to the core fluid). How-
ever, the heat transfer experiments revealed that slurry
velocity (momentum transfer) has a greater impact on /
than heat flux (thermal gradient near the tube wall) [13].
Also, significant MPCM particle migration can be
observed when both heat flux and slurry velocities are
increased considerably [13]. This observation can be
explained by the increased level of turbulence and greater
thermal gradient near the tube wall.

5. Conclusions

The experimental data presented in this paper show that
MPCM slurry can provide considerable heat capacity in
heat transfer applications. Other important observations
and conclusions are as follows:

– Thermal characterization of MPCM slurry by using
DSC reveals that supercooling of the phase change
material can be suppressed significantly by incorporat-
ing the right amount and type of nucleating agent.

– MPCM slurries exhibit a Newtonian-like behavior at
mass fractions below 17.7%, and the relative viscosity
is independent of temperature.

– Microcapsules become durable and impact-resistant
when smaller than 10 lm.

– Pressure drop experiments revealed a possible drag-
reducing effect, which should be investigated further.

– Heat transfer experiments showed that the heat capacity
enhancements are considerable, even at low mass
fractions.
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– MPCM slurry heat transfer coefficients are typically
lower than that of water at the same velocities. Use of
a different type of enhanced tubing or enhancement of
MPCM slurry thermal conductivity could improve heat
transfer beyond the current levels.

– The heat transfer coefficient increases considerably dur-
ing the phase change process.

– Enhanced surface tubing is more advantageous at low
mass fraction than at a high mass fraction.

– Particle migration toward the near-wall region before,
during and after the bulk fluid reaches the phase change
material melting point is affected by slurry velocity more
significantly than by heat flux.

Future studies should focus on the identification of
durable capsule materials able to resist microbial action
and harsh environments. Greater and other types of
enhanced tubing should be considered to determine if the
MPCM slurry heat transfer coefficient can be increased at
higher mass fraction. Also, ways to increase the thermal
conductivity of heat transfer fluids should be identified
and studied carefully.
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