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Abstract: The efficiency of a pumped heat-transfer system can be greatly
increased by incorporating a phase-change material (PCM). Because PCMs
have greater thermal capacity than the carrier fluid, owing to their latent
heat of phase change, they can increase the amount of heat transfer at
equivalent volumetric flow in a heat exchanging environment. These
materials tend to clog heat-transfer and distribution pipes, but previous
research has indicated that the problem may be solved by encapsulating
the PCMs. This report documents an investigation of the thermophysical
properties of PCMs enclosed in micro-scale capsules. The study also
addressed microcapsule durability against abrasion and chemicals, and
the relation of fluid temperature and particle volume fraction on viscosity.

The results of this research show that the total heat capacity of
microencapsulated PCM (MPCM) slurries is enhanced significantly, even
when using low volume fractions. MPCM slurries have potential to
decrease costs and improve energy efficiency for all pumped cooling
applications.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

Background

Phase change materials (PCM) have long been of interest as thermal stor-
age and control media because of their large heat absorption and release
capacity during a latent change in phase. Previous research has shown that
PCMs can increase a fluid’s heat transfer capacity by a factor of four
(Yamagishi et al. 1999). Such an improvement would be highly desirable
for applications such as district cooling and other applications of interest
to the U.S. Army. Successful implementation of PCMs could increase op-
erating efficiency (or decrease capital costs) of district cooling systems on
military installations, and it also could decrease the size and weight of new
cooling systems. Such improvements could position PCMs as an enabling
technology to help lengthen military mission duration (e.g., improved mi-
cro-climate management for the warfighter), add mission capacity (e.g.,
greater materiel-carrying capacity in military vehicles), and improve fuel
economy and logistics.

Although the potential benefits of PCMs in thermal transfer systems are
considerable, a disadvantage of these materials is their tendency to clog
distribution pipes. Some studies suggest that microencapsulating PCMs
can reduce the undesirable properties of the materials while maintaining
some of their unique beneficial properties (Winters 1991, cited in Yamagi-
shi et al. 1999). By microencapsulating a PCM within a thin, durable poly-
mer shell, the core material remains separated from the carrier fluid, thus
preventing it from fouling the distribution system. The specific properties
of microencapsulated PCMs (MPCMs) have not yet been investigated or
characterized in great detail, however.

In order to advance the availability of MPCMs as an enabling technology
for next-generation utility systems and military applications, the U.S.
Army Engineer Research and Development Center, Construction Engi-
neering Research Laboratory (ERDC-CERL) performed a series of experi-
ments to investigate the fundamental thermodynamic, chemical, and me-
chanical factors affecting heat transfer and operational characteristics of
MPCM slurries.
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Objective

The objective of the study documented here was to characterize the ther-
mal and fluid properties of MPCMs and MPCM slurries. The specific
thermophysical properties of interest were:

e latent heat of fusion — the amount of thermal energy which must be
absorbed or evolved for 1 mole of a substance to change states from a
solid to a liquid or vice versa

e apparent specific heat — the measure of heat energy required to raise
the temperature of one gram of a substance by one degree Cel-
sius/Kelvin as determined experimentally

e melting and crystallization temperature points — the temperature at
which a solid changes from liquid to solid or vice versa

e apparent viscosity — the measure of the resistance of a fluid to flow or
deform as measured experimentally

e heat transfer coefficient — the collection of terms that denotes ease of
heat transfer between a solid and moving fluid

e pressure drop under turbulent conditions — the change in force on a
fluid resulting from non-laminar flow.

Approach

This work investigated many fundamental properties and engineering
challenges associated with the use, development, and future application of
MPCM slurries for enhanced heat transfer. Their thermal properties of la-
tent heat of fusion and phase-change temperatures were experimentally
determined using differential scanning calorimetery and other methods
described in text. The effects of those properties on viscosity (including
temperature dependence) and the associated pressure drop during
pumped and entrained flow were also characterized. Various flow rates
and values of heat flux were used. Initial measurements of microcapsule
durability were also made. Concurrent modeling efforts encompassing
fluid dynamics, phase change, and turbulent heat transfer were also un-
dertaken to help understand the process.

Mode of technology transfer

Prospective future uses of this technology would include applications to
decrease the size of cooling equipment and retrofits for existing equipment
to significantly increase its cooling capacity. Such applications would re-
quire the update of applicable industry standards and Department of De-


http://en.wikipedia.org/wiki/Thermal_energy�
http://en.wikipedia.org/wiki/Mole�
http://en.wikipedia.org/wiki/Solid�
http://en.wikipedia.org/wiki/Liquid�
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fense criteria documents such as Unified Facilities Guide Specifications
UFGS) and Unified Facilities Criteria (UFC). Specifications for mobile en-
gine applications could also be affected owing to the higher operating tem-
perature and, thus, improved efficiency resulting from the greater capacity
for heat removal.
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2 Thermophysical Aspects of Heat Transfer
in Fluids

Properties of phase change materials

PCM performance in heat exchange systems depends on factors such as
the Stefan number, mass fraction, and the latent heat of fusion. In order
for the PCM to be at optimal effectiveness, the Stefan number must be
lower than 1 and defined as follows:

pl w
st=— K/

c. A

m

(2.1)

where:

= suspension’s specific heat
qu = heat flux across the pipe wall

5
|

~
I

radius of pipe
suspension’s thermal conductivity
Cm = mass fraction of PCM in suspension

A = PCM’s latent heat of fusion

»
I

High mass fractions and latent heat of fusion would intuitively be pre-
ferred because they permit a higher heat capacity. However, high mass
fractions increase slurry viscosity, which in turn demands more pumping
power.

Some researchers have added various paraffins in an attempt to match the
PCM melting point to the optimal system temperature, but that approach
also demands more pumping power, and it has proven to clog pipes in ac-
tual use (Chen and Chen 1987, Choi et al. 1991, Choi 1994, Dumas et al.
1994, He and Setterwall 2002, Kasza and Chen 1985). It was also found
that melted PCM in the slurry tended to locate toward the surface of the
heated tubing while the solid PCM remained more near to the core of the
flow. Liquid paraffin was added to remedy that problem, but the thermal
conductivity of liquid paraffin is lower than that of water, which limits the
heat transfer and thus tends to negate the benefits of the PCM.
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Particulate flow

Understanding of the nature of particulate flow is important to the investi-
gation of a flowing system. The physics of particulate flow within slurry
has been the topic of several pertinent studies. Before delving directly into
particulate flow, however, general foundations of heat transfer analysis
must be introduced.

Heat transfer analysis

The following text defines some intrinsic thermal properties of materials,
and also some derived properties important to an understanding of heat
transfer.

The thermal conductivity of a material is equivalent to the quantity of heat
that passes in unit time through unit area of a plate when its opposite faces
are subject to unit temperature gradient (1 degree temperature difference
across a thickness of 1 unit):

Thermal conductivity = heat flow rate/(area x temperature gradient) (2.2)
It is measured in watts per meter-kelvin, W-m-1-K-1,

Heat capacity is the ability of a material to store heat:

Heat capacity =V * p * G, (2.3)

where:
V = volume (m3)
p = density (kg/ms3)
Cp = specific heat (J/kg*K)

It is measured in joules per kelvin (J/K).

Thermal diffusivity is the ratio of thermal conductivity to heat capacity.
Substances with high thermal diffusivity will rapidly adjust their tempera-
ture to that of their surroundings, because they conduct heat quickly in

comparison to their “thermal bulk.” This property is expressed as:

o =K/pCp (2.4)

where:
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o. = thermal diffusivity
k = thermal conductivity
p = density

Cp = heat capacity
The units are m2/s.

The Prandtl number is a dimensionless number that approximates the ra-
tio of viscous diffusion rate to thermal diffusion rate, expressed as:

Pr=v/a (2.5)

where:
Pr = Prandtl number
v = kinematic viscosity
o = thermal diffusivity

The Reynolds number is perhaps the most important dimensionless num-
ber in fluid dynamics. It is used for determining whether a flow is laminar
or turbulent. Laminar flow within pipes occurs when the Reynolds num-
ber is below the critical value of Recrit, pipe = 2300; turbulent flow occurs
when Recrit, pipe > 2300, where the Reynolds number is based on the pipe
diameter and the mean velocity vs within the pipe. The value of 2300 has
been determined experimentally, and an experiment-specific range around
this value is considered the transition region between laminar and turbu-
lent flow. The number is expressed as:

Re =vD/v (2.6)
where:
Re = Reynolds number
v = velocity
D = diameter of pipe

v = kinematic viscosity

The Péclet number is a dimensionless number relating the forced convec-
tion of a system to its heat conduction. It is equivalent to the product of
the Reynolds number with the Prandtl number, as follows:

* A2
pe= &9 2.7)
(04
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where:
Pe = Peclet number
e = shear rate
d = particle diameter

a = heat diffusivity

Effect of particles on fluid thermal conductivity
Presence of particles

Ahuja (1975) showed that thermal conductivity could be increased by a
factor of 2 in laminar conditions. Various researchers (Ahuja 1975,
Collingham et al. 1970, Sohn and Chen 1981) discovered that particle rota-
tion is one of the main mechanisms promoting greater heat transfer. Kasza
and Chen (1985) observed that enhancement in heat transfer was poor for
Peclet number less than 100. The results of those studies indicate that par-
ticles alone can increase thermal capacity of a fluid by microconvection in
the laminar flow case, especially at high shear rates. Findings also suggest
other mechanisms that increase thermal capacity, including particle mi-
gration and contributions from the latent heat of fusion of PCM. Sohn and
Chen (1981) determined that for Peclet number higher than 300 the effec-
tive enhanced thermal conductivity approaches the power law Pe/2.

Effect of particle volume fraction on velocity profile

Changes in the volume fraction of particles in a fluid changes velocity pro-
file and affects heat transfer. Fan et al. (1998) found that smaller particles
match a fluid’s velocity profile better than large ones in gas streams. Abbas
and Crowe (1987) observed that 210 um particles maintain a turbulent-like
velocity profile. However, Chen and Kadambi (1994) found that at low
Reynolds number and high volume fraction, slurry flow becomes hetero-
geneous and the velocity profile deviates from a single-phase fluid turbu-
lent-like velocity profile. It was suggested that particle-to-particle, liquid-
to-particle, and particle-to-wall interactions play a decisive role in condi-
tioning the velocity profile. Experiments performed by Karnis et al. (1966)
showed that as volume fraction of particles increased, partial plug flow de-
veloped and the particles traveling inside the central core did not rotate.
Observations indicated that particles had irregular trajectories outside the
core.
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Effect of particle size and volume fraction on turbulence

Hetsroni (1993) suggests that particles can either suppress or promote
turbulence depending on their size. A particle size between 5 to 10 wall
units is recommended to enhance turbulence. A wall unit is defined as fol-
lows:

y-u* d-u*
A% A%

Wall unit =

(2.8)

(2.9)

u* = friction velocity
d = particle size
p = fluid density
v = fluid kinematic viscosity
7 = fluid shear stress

The fluid shear stress value can be obtained from pressure drop results.
Rashidi et al. (1990) observed that particles of similar size but different
densities did not differ in their ability to enhance turbulence. Tsuji et al.
(1984) discovered that medium-size particles could reduce turbulence
near the wall and increase it near the center. In those experiments, parti-
cles were larger than the Kolmogoroff scale,

3 1/4

A%

- (2.10)
€

but about the same size as the Taylor scale,

—
[15v“—} (2.11)
e

where ¢ is the viscous dissipation of turbulent energy u'* , and v is kine-
matic viscosity.

Turbulence can also be suppressed as the volume fraction of particles in-
creases because of higher apparent viscosity (Ahuja 1975). The term ap-
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parent viscosity must be used because the material does not remain in a
single phase through the complete cycle of this experiment.

Hetsroni (1989) and Fan et al. (1998) observed that when the particle
Reynolds number (Re;) is greater than 400, vortex shedding occurs result-
ing in turbulence enhancement. Also when Re;, is less than 100, no vortex
shedding takes place and turbulence attenuation is observed.

Crowe et al. (1998) observed that the particle-diameter-to-fluid length
scale (Dp/Le) plays a decisive role in attenuating or enhancing turbulence.
Crowe et al. (2000) observed turbulence enhancement for D,/Le greater
than 0.1. Conversely, experimental data suggest that for D,/Leless than
0.1, turbulence was either suppressed or unchanged. Abbas and Crowe
(1987) observed that liquid slurry made of particles in the 100 — 200 um
range, in turbulent flow and up to 20% volume fraction whose D,/Le was
less than 0.001, exhibited small turbulence intensity, corroborating previ-
ous findings. In any case, particles smaller than 100 um under similar cir-
cumstances will probably exhibit turbulence attenuation due to higher ap-
parent viscosity and as predicted by Dp/Leratio. Gore and Crowe (1990)
also observed that peaked turbulence intensity is shifted to higher Rey-
nolds number when volume fraction increases. Experimental evidence also
suggests that at higher particle volume fraction, inter-particle spacing is
reduced, thus disrupting the turbulent eddies. Also, as slurries become
denser, particle-to-particle interactions become more dominant.

Most researchers in the area of particulate flow have clearly identified spe-
cific characteristics of slurry or particulate flow — in particular the effect of
particles and particle volume fraction on viscosity and turbulence. As a re-
sult, pipe geometry or flow conditions must be adjusted to compensate for
suppressed turbulence.

Effects of microencapsulating PCMs

Figure 2.1 and Figure 2.2. show two microscopic views of MPCMs.
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Perirmeter: 445.8 um

Figure 2.2. Detailed view of MPCMs at 100x magnification.
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Few journal articles on MPCM physical properties (as opposed to free-
flowing phase change materials) have been published. Roy and Sengupta
(1991) conducted experiments to evaluate the properties of MPCMs with
two characteristic diameters. Differential scanning calorimetery (DSC) was
used to determine their thermal properties. Yamagishi et al. (1996) pre-
sented experimental results indicating that MPCM particle size does not
affect melting temperature and latent heat of fusion. However, the degree
of supercooling (i.e., the difference between crystallization and melting
temperature) points increased when particle size, dp, was less than 100
um. Subsequently, Yamagishi et al. (1996) also tested nucleating agents
with molecular structure similar to the PCM molecules and were able to
suppress the supercooling effect considerably. Alvarado (2004) conducted
a series of experiments and evaluated the thermal properties of tetradec-
ane-containing microcapsules with an average size of 4.4 um. Yamagishi et
al. (1999) obtained empirical data for microencapsulated octadecane ob-
tained using DSC equipment, a Couette viscometer (Yamagishi et al. 1996),
and pressure-drop data (Yamagishi et al. 1999). Their results indicate that
anionic surfactants can decrease the apparent viscosity of the slurry and
transform it into Newtonian-like fluid at high mass fractions (20 — 30%).
The results also indicate that the relative viscosity of the MPCM slurry was
independent of temperature. As a result, Yamagishi et al. (1999) were able
to use the Vand model (Vand 1948) to predict the relative viscosity of the
MPCM slurry at different volume fractions.

Ohtsubo et al. (1991) presented experimental data that explained why
microcapsules structurally fail. Several experiments show that as Dp/th,
increases, the percentage of broken capsules increases, where D;, and thy,
are microcapsule diameter and thickness, respectively.

A limited number of journal articles present and discuss heat transfer and
pressure drop characteristics for MPCMs. Goel et al. (1994) describe ex-
periments with MPCMs filled with n-eicosane in which the experimental
conditions were limited to laminar flow and constant heat flux. Their re-
sults indicate that the Stefan number (St) was the most dominant parame-
ter, especially when St was less than 1.0. Roy and Avanic (1997) showed
that laminar forced convection heat transfer characteristics for PCM are
similar to MPCM; the capsule walls appear not to have a significant impact
on heat transfer. For microcapsules (smaller than 20 um) filled with n-
tetradecane, the calculated Biot number is less than 0.1. Results also indi-
cate that the Reynolds number plays a significant role in the heat transfer
process. Yamagishi et al. (1996) experimental data show that MPCM slurry
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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 filled with octadecane
(CigH3g), and capsule size varied in size between 2 — 10 um. Results show
that as mass fraction increases, turbulent flow changes to laminar, which
consequently changes the heat transfer characteristics of the MPCM
slurry. Unlike the work documented by Choi et al. (1994), 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 (Yamagishi et al. 1996, Alvarado 2004). At
high mass fraction, pressure drop decreased, indicating a transformation
to laminar flow. One important observation was the effect of particle size
on the convective heat transfer coefficient. It is known that particle size
(Hestroni 1989) can either enhance or suppress turbulence, which affects
momentum and heat transfer. In the case of small MPCMs, turbulence is
significantly suppressed (Yamagishi et al. 1999, Alvarado 2004). One sig-
nificant assumption is that because the microcapsules are small, they melt
and solidify instantaneously. Experimental data (Yamagishi et al. 1999,
Alvarado 2004) suggest that at an identical heat flux, water has a higher h
value than MPCM slurry. It was concluded that changes in h and lower
values in viscosity promoted turbulence better in water than in MPCM
slurry. Yamagishi et al. (1999) used Choi’s model (Choi and Cho 1995) to
predict the local Nusselt number, which is defined as:

-0.11
Nu, =0.00425*(Re%*"* Pro* {Z&j (2.12)
bx

where:
Nux = local Nusselt number
Repx = local Reynolds number
Prpx = local Prandtl number
nwx = local wall viscosity
Nbx = local bulk viscosity

They observed that Choi’s model could be used to predict after-melting
behavior if the single-phase approximation is based on Repx and Prpx.
However, the model poorly predicted the before- and during-melting Nux
because MPCM phase change affects C, and h. Experimental data show
that higher heating rate yields lower h, which can be attributed to a thicker
boundary layer of melted PCM within the particles. Data also show that at
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the same Reynolds number, h increases 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 vis-
cosity and, therefore, suppressed turbulence. In laminar flow, MPCM
benefits are limited because solid and melted MPCM segregate around the
core fluid, in proximity to the pipe walls (Yamagishi et al. 1999).

Enhanced pipe surfaces

Durmus et al. (2002) present experimental results where snail-type swirl
generators were used to augment heat transfer rates by creating swirls in
the flow. Results indicate that the Nusselt number (Nu) can be increased
by 80% — 200% for 15 — 75 degree swirling angles for air in a counter-flow
configuration, but pressure drop increased by 110%. Performance was bet-
ter when high swirling angles and low Reynolds numbers were used. Fossa
and Tagliafico (1995) tested and measured heat transfer rates, with and
without smoothed, finned, and grooved pipes, with results indicating that
polymeric additives reduce the friction factor 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 Reynolds
numbers between 7,000 and 10,000. Fanning friction factor, f, decreases
as compared with pure water only in turbulent flows, by about 25% for
finned or grooved pipes and about 20% for smooth pipes. Results also in-
dicate that conductance is greater for finned pipes than for smooth pipes
with or without additives. Also, friction factor reduction reaches a mini-
mum at a specific Reynolds number and additive concentration. Liao and
Xin (2000) present experimental results on heat transfer and friction
characteristics for various liquids with turbulent, transitional, and laminar
flow inside a pipe with twisted-tape insert. Results indicate that in turbu-
lent and transitional flows, heat transfer is increased slightly while pres-
sure drop increases significantly. When VG46 turbine oil flow is laminar,
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 un-
der the same conditions. Stanton number and f with twisted-tape inserts
increase with lower tape-twist ratios. Segmented twisted-tape inserts can
decrease f by 41 — 44% and Stanton number by 15 — 18% in relation to a
continuous twisted-tape insert.
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3 MPCM Thermophysical Properties
Characterization

Thermal properties determined by differential scanning calorimetery

In order to determine the thermal properties of MPCM, a differential
scanning calorimeter (DSC) was used. DSC experiments were carried out
to measure the latent heat of fusion and melting point of bulk phase
change materials, including tetradecane, pentadecane, and hexadecane.
The results from the experiments were used to select which phase change
material should be encapsulated. One of the goals was to select a phase
change material with the highest heat of fusion value available and a melt-
ing point desirable for district cooling applications.

The DSC runs in two modes: conventional and modulated.

In the conventional mode, DSC is used to measure the amount of heat ab-
sorbed or released by a sample in comparison with a standard reference.
The energy absorbed or released is recorded as a function of time and
temperature. The resulting energy/temperature profile curve is used to de-
termine latent heat of fusion, specific heat, and melting point (Charsley
and Warrington 1992, Hatakeyama and Quinn 1994, Speyer 1994).

Modulated differential scanning calorimetery (MDSC) is a variation of
conventional DSC in which a sinusoidal time-dependent temperature pro-
file is used to control the heating rate as a function of time. The resulting
heat flow/temperature profile is interpreted to determine specific heat.
The net effect of modulated heat flux is the same as if two experiments
were run simultaneously on the specimen.

Figure 3.1 shows a typical endotherm curve extracted from a conventional
DSC test of MPCM slurry at 17.4% mass fraction. The melting point is de-
termined by finding the point at which the tangent of the maximum rising
slope intercepts the baseline. In this case, the melting temperature (also
known as the onset temperature, or transition temperature) occurs at
5.33 °C. The area enclosed by the endotherm curve and the baseline is
equivalent to the latent heat of fusion. The crystallization point is found in
a similar way as the melting point. If Figure 3.1 were inverted about the
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baseline, the crystallization point would be the point at which the tangent
of the maximum falling slope intersects the baseline.
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Figure 3.1. Representative DSC endotherm curve.

DSC apparatus and conditions

The thermal behavior of the MPCM slurries under study was recorded us-
ing a TA Instruments 2920 Modulated Differential Scanning Calorimeter.
Hermetically sealed aluminum pans were used. Helium was used as a
purge gas at a flow rate of 26 cm3/min. As part of the calibration process, a
baseline calibration run was performed to determine the heat signal when
no samples were present. In addition to baseline calibration, cell constant
and temperature calibration runs were also conducted. The cell constant
value is used as a correction factor to determine how much energy is actu-
ally delivered and received by each specimen. Three cell constant calibra-
tion runs were performed to accurately measure the amount of heat sup-
plied to the samples and to determine the adjustments necessary for
temperature readings and heat flow signal. The values found from each
material were within acceptable limits with a combined average value of
1.09. Samples of less than 10 mg of octadecane, water, and indium were
used as calibration material. The information collected from the baseline,
temperature, and cell constant runs was 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 calibration runs to determine
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the baseline slope, baseline offset, cell constant values, and temperature
corrections.

The calibration and experimental runs were performed using a heating
rate of 3 °C/min. for all the experiments. The temperature range was kept
as narrow as possible to obtain the highest possible resolution. For calibra-
tion and MDSC experimental runs, the period of modulation was always
set to 100 seconds and the amplitude of modulation was set to 1 °C. Re-
sults from all the calibration runs were used for both DSC and MDSC ex-
perimental runs.

Water samples of known mass were used to validate the calibration proc-
ess. All water samples had a mass of 10 mg or less. Eleven samples were
tested throughout all the DSC experiments in order to confirm the consis-
tency of the experimental results. The average melting point for the water
samples was 0.11 °C. The average value of latent heat of fusion for the
same 11 samples was 337.2 J/g, with a standard deviation of 3.8 J/g. The
relative error for each sample fluctuated between —2.0% and 1.6%, which
eventually averaged to 0.8% relative error. The specific heat of the same 11
water samples also was measured using the DSC equipment in modulated
mode, and the average value was within 3.5% relative error. When the av-
erage latent heat of fusion is compared with the well established value of
335 J/g, the results of these water sample tests provide confidence that the
DSC equipment used in the research can supply reliable, accurate, and
consistent data.

All MPCM samples were prepared by using the same experimental proce-
dure. In order to make sure all samples were accurate representations of
the bulk slurry, approximately 15 ml of MPCM slurry was placed in a vial
and magnetically stirred to assure that all the particles remained in sus-
pension. The same pipette tip was used for all samples, which had an
opening large enough to ensure that representative samples were taken
every time. All MPCM sample masses were between 9 and 11 mg, consist-
ing of water as the carrier fluid and microcapsules containing PCM. The
mass fraction of the MPCM slurry was determined as follows. The initial
weight was measured and recorded before the DSC experiment. Following
DSC testing, the hermetically sealed container was opened to allow the
carrier fluid (water) to evaporate. The sample was then reweighed in order
to determine the mass of the MPCMs alone. The MPCM/slurry ratio pro-
vides the mass fraction of each sample.
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Experimental results

Table 3.1 shows the experimental results from the DSC/MDSC of the three
tested PCMs.

Table 3.1. Thermal properties of MPCM based on DSC results.

Phase Change Material | Latent Heat of Melting Point, °C Crystallization Point, ° C
Fusion, J/g

Tetradecane 215.8 5.3 4.6

Pentadecane 160.1 9.3 9.2

Hexadecane 227.1 18.0 16.0

As shown in Table 3.1, tetradecane has a relatively high latent heat of fu-
sion value and a desirable melting point for district cooling applications.
As a result, tetradecane was chosen for microencapsulation. In order to
avoid any degree of supercooling, a first batch of MPCM containing 0.2%
of fumed silica as a nucleating agent was made. The DSC results of the first
batch are discussed and illustrated below.

Latent heat of fusion

The results in Figure 3.2 indicate that the MPCM particle latent heat of fu-
sion is directly proportional to mass fraction, which should be expected
because tetradecane is the only slurry component undergoing phase
change. DSC results in Figure 3.2 also indicate that both MDSC and con-
ventional DSC modes of operation give almost identical results for MPCM
capsules ranging 90 — 150 pum in size. The ratio between the latent heats of
fusion of microencapsulated n-tetradecane to nonencapsulated n-
tetradecane was utilized to determine the average composition of an aver-
age MPCM particle. The following relation explains how latent heat of fu-
sion data can be used to determine the bulk composition of MPCM slurry:

Mass pem _ LHFof Microencapsulated PCM Slurry Sample
Mass of Average Microcapsule MF,,pcp * LHF of Non - encapsulated PCM (3.1)

where:

Massmpcm = mass of MPCM within an average microcapsule
MFumpcm = mass fraction of MPCM sample
LHF = latent heat of fusion of PCM
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Figure 3.2. Latent heat of fusion of MPCM slurry (90 - 150 pm).

It should be noted that the mass of an average microcapsule is equal to the
mass of microencapsulated PCM and the mass of the microcapsule wall
material and nucleating agent.

The experimental data show that an average MPCM particle consists of
88.3% of n-tetradecane and 11.7% of microcapsule wall material.

Specific heat

The MDSC data suggest, as shown in Figure 3.3, that specific heat is not a
strong function of mass fraction, which seems to contradict previous find-
ings (Yamagishi et al. 1999). However, if it is taken into account that (1)
the highest MPCM mass fraction tested was less than 20%, (2) the differ-
ence in specific heat values between n-tetradecane and water was less than
47%, and (3) the DSC equipment provides specific heat values within a
3.5% margin of error, it then becomes clear that the results shown in
Figure 3.3 are confounded with the observed experimental error as de-
picted by the vertical error bars. In other words, when experimental error
is accounted for, a slight decrease in MPCM slurry heat, as a function of
mass or loading fraction, is suggested but not definitely demonstrated.
Nonetheless, it is at best a weak dependence, in contrast to the more
marked function as reported by other researchers.
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Figure 3.3. Specific heat of MPCM slurry (90 - 150 um).

Melting and crystallization points

Another group of thermal properties that is important in experimentation
and application are the melting and crystallization (i.e., freezing) points of
the microencapsulated tetradecane. Under ideal equilibrium conditions,
the melting and freezing points of MPCM should be identical. However,
due to the size of the MPCM particles and finite cooling rates (1 —

9 °C/min), MPCM particles exhibit a measure of supercooling regardless
of mass fraction, as indicated in Figure 3.4. Supercooling occurs in the re-
gion between the material’s freezing and melting temperatures. Figure 3.4
clearly shows that the amount of supercooling for microencapsulated tet-
radecane containing 0.2% fumed silica is still significant, and this is highly
undesirable because the melting and crystallization temperatures of the
carrier fluid are o °C. Consequently, considerable effort was applied to un-
derstand the nature of supercooling in microcapsules. Most knowledge
about supercooling has been provided by classical nucleation theory (CNT)
and several experimental results published in the last 20 years.
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Figure 3.4. Melting and initiation of freezing points of MPCM slurry (90 - 150 pm).

Nucleation issues

Classical nucleation theory (CNT) asserts that liquid-to-solid transforma-
tions take place because of a homogeneous or heterogeneous nucleation
mechanism. Homogeneous nucleation relies on the formation and growth
of stable nuclei within the microcapsule, while heterogeneous nucleation is
basically a surface-mediated mechanism. It is known that homogeneous
nucleation has a greater nucleation barrier than heterogeneous nucleation
and causes greater supercooling or requires a lower temperature for stable
nuclei to form and grow (Montenegro et al. 2003). Montenegro and Land-
fester (2003) found that nanodroplets (125 — 500 nm) showed a consider-
able degree of supercooling, indicating homogeneous nucleation as the
predominant type of nucleation mechanism. Most recent experimental
data also show that the temperature at which freezing occurs does depend
on particle size (Yamagishi et al. 1996, Montenegro et al. 2003).

Yamagishi et al. (1996) encountered similar difficulties in suppressing su-
percooling and used paraffin-like molecules with higher melting points
than their homologous molecules as nucleating agents. The results shown
in Figure 3.5 suggest that the right kind and amount of nucleating agent
must be carefully chosen to control the supercooling phenomenon effec-
tively. In order to determine the right kind and amount of nucleating agent
for microencapsulated tetradecane, bulk mixtures of tetradecane and tet-
radecanol at different ratios were tested using DSC. Figure 3.6 shows the
DSC results for different concentrations of tetradecanol in tetradecane. In
bulk samples, 2% tetradecanol was sufficient to suppress supercooling al-
most entirely. Based on that result, a second batch of MPCM was made
containing 98% tetradecane and 2% tetradecanol.
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Figure 3.6. Melting and freezing points of microencapsulated n-tetradecane with 2%
tetradecanol (70 - 260um).

Figure 3.7 shows the DSC results for MPCM 70 — 260 um in diameter con-
taining 98% tetradecane and 2% tetradecanol. The results indicated that
the degree of supercooling was considerably lower than for the first batch,
and ideal for further testing. However, durability test results (see page 36)
indicated that the second batch was unsuitable for further testing.
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Figure 3.7. Thermal cycling of MPCM with 2% tetradecanol.

In order to ensure the long-term reliability of tetradecanol to perform as a
nucleating agent, thermal cycling tests were conducted in which the tem-
perature of an MPCM sample was raised above 45 °C, as shown in Figure
3.7. The melting point of tetradecanol is approximately 37.9 °C. Figure 3.7
clearly demonstrates that the nucleating agent is able to consistently per-
form this function for multiple cycles. (Five cycles are shown in the figure.)

A third and fourth batch of MPCM were made containing 96% tetradecane
and 4% tetradecanol, and 96% pentadecane and 4% pentadecanol, respec-
tively. The microcapsules in both batches varied between 5 — 20 um in di-
ameter. DSC results for both batches are shown in Table 3.2.

Table 3.2. DSC results for third and four MPCM batches (5 — 20 pm).

Microencapsulated Phase Melting Crystallization Supercooling, °C
Change Material Temperature, °C | Temperature, °C

96% tetradecane + 4% tet- 5.0 2.0 3.0

radecanol

96% pentadecane + 4% 9.8 9.3 0.5
pentadecanol

The results shown in Table 3.2 support previous findings that microcap-
sule size does have an impact on PCM crystallization temperature. How-
ever, due to durability problems in larger capsules (over 100 um), capsule
size should be smaller than 20 mm. More discussion of capsule durability
is presented later in this chapter.
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Chemical compatibility of capsule and anti-freezing additives

Several anti-freezing compounds were selected for use in the MPCM in an
attempt to lower the starting freezing point of the MPCM. The tempera-
ture at which freezing initiates is shown to increase with an increasing
mass fraction of MPCMs, which results in a lower freezing point for the
carrier fluid. Unfortunately, there are a disadvantages of this approach
that outweigh the benefits. Disadvantages include an increase in viscosity
for both turbulent and laminar flows, lower heat transfer due to reduced
conductivity and convection resulting from the higher viscosity, increased
osmotic pressure, and lower efficiency. The tested anti-freezing additives
are shown in Figure 3.3 along with their recorded parameters.

Table 3.3. Various compounds used as anti-freeze agents.

% Concentration

for freezing point Color MPCM
Name at-6.7 °C Viscosity, cP* pH Change Integrity
Potassium Hydrox-
ide 9.6 1.22 14.0 Dissolved
Sodium Nitrate 17 1.2 71 OK
Sodium Hydroxide 7 1.5 13.5 Dissolved
Sodium Chloride 10.5 2.8 7.8 OK
Calcium Chloride 11 3.0 4.6 Darker OK
Sodium Acetate 13.3 1.8 9.8 OK
Methanol 10.2 4.5 4.7 OK
Ethylene Glycol 18 4.5 4.0 No Change OK
Potassium Formate | 11 2.72 6.0 OK
MPCM @ 20% - - 4.8 OK
Water @ 0.01°C 1.79

cP: centipoises; 1 cP = 0.001 pascal.

Of the nine agents investigated as an antifreeze, two (potassium hydroxide
and sodium hydroxide) were not suitable because they are highly alkaline
and dissolved the microcapsule surrounding the PCM. The anti-freezing
agents were mixed with the MPCMs and rotated for 10 days before the vis-
ual inspection. Methanol was studied further, and Figure 3.8 shows the
viscosity as a function of concentration for temperatures o0 — 20 °C. A
magnified image of the methanol/MPCM slurry is shown in Figure 3.9.
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Figure 3.8. Methanol/water mixture viscosity as a function of concentration (lower
concentration regions disallowed for freezing).

Figure 3.9. MPCMs after 10 days in methanol mixture (20%), 100x magnification.

Viscosity measurements

Previous studies have investigated, described, and reported on how
spherical particles affect the apparent viscosity of slurries. Vand (1948)
studied the interactions among particles in liquids and proposed a model
that has since been used as the basis for the study of slurry viscosity. The
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Vand model couples the hydrodynamic equations governing incompressi-
ble flow around a rigid sphere with the effect of sphere-sphere interac-
tions. The Vand model describes the increase in suspension viscosity due
to the presence of the hard spheres as follows:

e T
i £ ":'?:‘E'-’.'FI"E

- ’I"':B:p-".'ﬁ:l'a

1
=1, (3.2)

where:

k

e

A

2.5, Einstein’s shape factor for single spheres

0.609375, the hydrodynamic interaction constant

Dephere = volume fraction of the rigid spheres.

Thomas (1965) also studied particle liquids in detail and proposed viscos-
ity models that depend on volume fraction for dilute and concentrated sus-
pensions. Yamagishi et al. (1996) presented viscosity data acquired from
several experiments by using a cylindrical Couette viscometer and pres-
sure drop measurements. In that study, the apparent viscosity of MPCM
slurry clearly showed a Newtonian fluid behavior when a 1% anionic sur-
factant was used. A later study (Yamagishi et al. 1999) showed that the
relative viscosity of MPCM slurry was fairly independent of temperature,
suggesting a strong correlation with changes in the viscosity of pure water.

Absolute viscosity was another important physical property that was
measured in order to design the experimental heat transfer test loop and
predict subsequent experimental conditions. A temperature-controlled
concentric viscometer was used to determine the apparent viscosity of
MPCM slurry. A typical concentric viscometer consists of a rotating cylin-
der or spindle contained inside a temperature-controlled vessel. The cylin-
der spins at constant and discrete rotational speeds, and the viscosity of a
sample is determined by measuring the torque exerted by the fluid against
the rotating cylinder. A Brookfield viscometer, model LVT with an ultra-
low (UL) adapter, was used to measure the viscosity of the MPCM slurry.
For temperature control, the container or UL adapter was connected to a
water bath that circulated water at a fixed temperature. A solution of labo-
ratory-grade propylene glycol-water mixture at 34.6% and known viscosity
values was prepared to calibrate the viscometer. The viscometer was cali-
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brated at different temperatures and spindle rotational velocities after the
system had reached a constant temperature for at least 30 minutes. It was
determined that the viscometer was within a 1% margin of error as sug-
gested by the viscometer manufacturer.

The viscosity of MPCM samples of different mass fractions was measured
at 12, 30, and 60 revolutions per minute to determine if the slurry behaved
as a Newtonian fluid. Each sample was in the UL adapter for 30 minutes
and stirred magnetically to make sure all the microcapsules were uni-
formly suspended before measuring the viscosity. Three measurements
were taken for every sample. The mass fraction of each sample was deter-
mined by taking three aliquots of MPCM slurry (approximately 20 ul each)
from the UL adapter. Each aliquot was dried to determine the water con-
tent and mass fraction of the sample. Statistical analysis was used to de-
termine which set of data points was suitable for further analysis. Figure
3.10 and Figure 3.11 show the statistically significant viscosity results.
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Figure 3.10. Apparent viscosity of MPCM slurry
as function of mass fraction and temperature (5 - 20 um).
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Figure 3.11. Relative viscosity of MPCM slurry
as function of mass fraction and temperature (5 - 20 um).

Figure 3.10 illustrates the dependence of apparent viscosity on tempera-
ture and mass fraction. It is also to be noted that viscosity dependence on
temperature is stronger at higher mass fractions. However, the relative
viscosity of MPCM slurry shown in Figure 3.11 seems to be independent of
temperature regardless of mass fractions, reaffirming the findings and re-
sults presented by Yamagishi et al. (1999). Relative viscosity is defined as
the ratio between the apparent viscosity of MPCM slurry to that of water at
a given temperature. Thomas (1965) analyzed several experimental results
reported earlier and noted lower relative viscosity for the same mass frac-
tion shown in Figure 3.11. However, Yamagishi et al. (1999) also found
that MPCM slurry has a higher relative viscosity than the data collected
and analyzed by Thomas (1965) indicate but comparable to the data de-
picted in Figure 3.11, suggesting that microcapsule shape and rigidity may
be playing a role in increasing relative viscosity (Yamagishi et al. 1999).
The MPCM viscosity results also indicate that MPCM slurry behaves as a
Newtonian fluid at least up to 17.7% of mass fraction.

The impact of higher viscosity at lower temperature and higher mass frac-
tion should also be taken into consideration when selecting operating con-
ditions or sizing equipment because higher viscosity implies higher pump-
ing power, lower turbulence, and lower thermal conductivity, each of
which could reduce local heat transfer rates in the absence of phase change
behavior. The data depicted in Figure 3.10 and Figure 3.11 can also be used
for thermal system simulations to estimate level of turbulence in the
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slurry. As an investigative study (Appendix A) provides detail on the for-
mulation of a viscosity model that includes both loading fraction and tem-
perature.

Durability testing

In order for MPCMs to effectively be used in general application, they
must be able to withstand constant pumping within the system and any
degree of turbulence inherent in the particle flow. Several batches of
MPCM particles were subjected to a series of durability tests. A durability
test loop was constructed to determine what percentage of a fixed amount
of MPCM slurry can survive continuous pumping and surface friction
losses. The device consisted of a closed loop made of copper tubing that
varied in diameter from 3/8 to 1 in. A Moyno progressing cavity pump was
previously found to handle viscous slurries while causing the least amount
of damage to the MPCM particles (Yamagishi et al. 1996), so it was se-
lected to pump the system in the current work. Figure 3.12 shows a sche-
matic representation of the durability loop.

X
B Bal
X X Valve
1 meter
Pump X X
Sample
k2 . Collector
- .
2 meters

Figure 3.12. Schematic representation of durability loop.

Periodic samples were taken and submitted to examination. First, samples
were examined by using a professional-quality optical microscope at mag-
nifications varying between 40 — 1000x to look for any physical damage.
Second, the total amount of released or free tetradecane was determined
by using a filtration device to separate the liquid phase (including any free
tetradecane) from the solid phase (unbroken microcapsules), and measur-
ing the amount of free tetradecane in comparison with the total sample
volume. If the durability test yielded 10% or more broken capsules, smaller
capsules or capsules with greater thickness-to-diameter ratio were tested,
as suggested by Ohtsubo et al. (1991).
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As part of the durability test procedure, different experimental conditions
were used as summarized in Table 3.4. In order to determine the impact of
fluid velocity and level of turbulence on the durability of the microcap-
sules, each MPCM batch was tested with increasingly turbulent conditions,
beginning from 1 — 8 ft/sec. Three batches of different MPCM size range
were tested, and the results are summarized in Table 3.5.

The results shown in Table 3.5 are consistent with the results published by
Yamagishi et al. (1996), which claim that microcapsule size is the main fac-
tor affecting durability. The durability results clearly indicate that the
smallest microcapsules (5 — 20 um) show the least degree of damage, and
therefore are the most suitable for further experimentation. The results
also show that after 1,200 cycles through the progressing pump (third
batch), no significant amount of microcapsule breakage or surface wear

was detected.

Table 3.4. Experimental conditions for durability tests.

Mass
Fraction = 20%
Velocity at Accumulative .,
3/8" section, Circulation Circulation Time, Accumulative Viscosityl, Density, Reynolds
ft/sec Times Times hrs Time, hrs mPa-sec kg/m® Number
1 100 100 2.15 2.15 5 937.5 545
2 100 200 1.08 3.23 5 937.5 1089
4 100 300 0.55 3.78 5 937.5 2179
6 100 400 0.37 4.15 5 937.5 3268
8 400 800 1.09 5.24 5 937.5 4357
Mass
Fraction = 5%
Velocity at Accumulative .
3/8" section, Circulation Circulation  Time, Accumulative Viscosity!, Density’, Reynolds
ft/sec Times Times hrs Time, hrs mPa-sec kg/m3 Number
8 400 1200 1.09 6.34 2 983.6 11428

1 Values are approximate.

Table 3.5. Results from durability experiments.

Batch MPCM Size | Total Time of % of Broken Experimental Accumulative
Number Range (um) | Durability Test, hrs1 | Microcapsules Conditions Circulation Times
1 90-150 9.7 15.5% 2 -8 ft/sec 700

2 70-260 5 16% 2 ft/sec 400

3 5-20 7 0%2 2 -8 ft/sec 1200

Notes: Total time includes cumulative results for the same batch at low and high mass fraction. No sig-
nificant amount of free or released tetradecane was detected (within 2% margin of error).
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4 Heat Transfer Characterization of MPCM
Slurry

Experimental system design

A heat transfer section was designed to measure the convective heat trans-
fer 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 frac-
tions, the Reynolds number was calculated taking into account pipe di-
ameter, fluid velocities between 0.6 — 2.4 m/sec, and the measured slurry
viscosity.

Heat transfer section

A 12.2 meter (40 ft) long heat transfer section was constructed and tested
to be able to determine the convective heat transfer coefficient and pres-
sure drop of MPCM slurry. The length of the copper tubing was specified
to guarantee a full phase change transition as well as hydrodynamic and
thermal entry length requirements. The section consisted of eight 1.52 me-
ter (5 ft) long subsections made of 10.9 mm (3/8 in.) copper tubing. Each
subsection had a total of five Type T thermocouples 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
nickel-chromium resistance wire was coiled around the copper tubing to
provide constant heat flux. Each tubing subsection had three independent
resistance wire sections all connected in parallel. The entire heat transfer
section consisted of 24 independent resistance wire sections all connected
in parallel to ensure constant heat flux. Additional resistance wire was
added as external resistance was needed to match the desired overall heat
flux. The additional resistance wire was connected by using ceramic ter-
minal blocks that were not in direct contact with the tubing sections. A
thick layer of fiberglass insulation was used to thermally insulate each
subsection.

All tubing subsections were aligned horizontally by using a laser level. A
Moyno progressing cavity pump was used to pump the slurry through the
system. An Omega magnetic flow meter was used to measure fluid velocity
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to an accuracy of 0.5%. The performance of the magnetic flow meter was
validated by performing a simple bucket-watch experiment with water.
Also, an ultrasonic flow meter with an accuracy of 2% was used to corrobo-
rate the readings given by the magnetic flow meter. 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 variable-voltage alternating current trans-
formers (variacs) were used as power supplies. Each could provide o —
208 v. For data logging, an Agilent data logger (34970A Data Acquisi-
tion/Switch Unit) with three multiplexer cards was used to record tem-
perature and pressure drop. An independent power meter was used to
measure total power consumption as well as current and voltage delivered
by each transformer.

The last subsection of the heat transfer loop was interchangeable, which
allowed for changes in pipe diameter or tubing material. In addition to us-
ing 10.9 mm (3/8-inch) copper tubing, soft copper and enhanced copper
tubing of 8 mm diameter 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 incorporated helical mi-
crofins of 200 pm in height and width, with about 60 microfins around the
circumference. The orientation of the microfins with respect to the longi-
tudinal axis was 18 degrees.

A water-ice bath was used as the cooling medium to force the MPCM 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 Figure 4.1.

Heat Transfer Section

Flowmeter Power Data
Supply Logger
Pump

Heat
Exchangers

Ice-water Bath

Figure 4.1. Schematic of heat transfer loop.
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Calibration of the thermocouples was performed in situ. Based on the re-
corded and scanned temperature values, appropriate and acceptable offset
and gain values were determined for each thermocouple, all within 10% of
the noncalibrated settings. Several heat transfer experiments with plain
water were conducted to validate the calibration procedures. The following
sections explain in detail the validation procedure and results.

Water pressure drop test

Pressure drop data were analyzed and compared with the Darcy-Weisbach
equation (Equation 4.1), the Colebrook correlation for friction factor
(Equation 4.2), and the steady-flow energy equation (4.3):

The Darcy-Weisbach equation is:

2
h = f= @.)
d 29

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

The Colebrook equation (ASHRAE Handbook 2001) is:

1 =1.14+2 Iog(gj —2log|1+ 93 for Re > 3000 (4.2)
£

7 A%

where f, ¢/D, and Re are the friction factor, relative roughness, and Rey-
nolds number, respectively.

The steady-flow energy equation (for horizontal pipes) is:

_AP

h
A

(4.3)

where hy, AP, p, 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 concentra-
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tions. The pressure transducers were calibrated using the specifications
provided by the manufacturer. The calibration results were validated using
water. The pressure transducers generated a current signal that was con-
verted to pressure units by the Agilent data acquisition 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 rough-
ness factor (g) for copper tubing and 0.2 mm for the enhanced tubing to
account for the microfin enhancement size.

Figure 4.2 suggests 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 reasonably match the pressure drop
profile of the enhanced tubing.

0 —e—8mm, 1.5° C based on Colebrook
14.0

—=—8mm, 1.5° C, based on Colebrook

12.0 + with roughness factor (0.2 mm)
A 8mm enhanced, 1.5° C based on /
10.0 1| experimental data

E
3 —¢«—8mm, 1.5° C, based on Colebrook
o .
e~ with roughness gactor of 0.1 mm
o 8.0
°
a
o 6.0 /
S
2 4.0
] .
& —
2.0
0.0 T T T T T T

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Fluid Velocity [m/sec]

Figure 4.2. Pressure drop of water with 8 mm enhanced tubing.

MPCM slurry pressure drop test

Several pressure tests were conducted to determine pressure drop of
MPCM slurry at two mass fractions. Pressure drop data were collected
when the slurry reached steady-state temperature and flow conditions.
Figure 4.3 shows the results from a pressure drop test at low mass fraction
(5.9% + 0.4%). Figure 4.3 also shows a simulated pressure drop profile for
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water based on the Colebrook equation at the same flow conditions as for
the MPCM slurry. The results indicate that the pressure drop increases
slightly when MPCM particles are used, but not significantly enough to af-
fect pumping power.

——Water, 10.9 mm regular tubing and

40 1 based on Colebrook at 1.3° C, kPa/m

|
—

3.5 4/ m Regular 10.9 mm tubing @ 5.9% Mass
Fraction at 1.3° C, kPa/m /

3.0 u

2.5 A

2.0

1.5+

Pressure Drop [ kPa/m]

1.0

0.5 - I

0-0 T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20

Fluid Velocity [m/sec]  Reynolds No. Range: 3600 - 9800

Figure 4.3. Pressure drop of MPCM slurry at 5.9% mass fraction,
10.9 mm regular tubing.

Figure 4.4 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. Figure 4.4 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 rup-
tured and released phase change material into the carrier fluid, creating
favorable conditions for a drag-reducing effect (Kostic 1994). Samples
were taken and examined for broken capsules or released tetradecane
within a 2% margin of error. No significant amount of tetradecane could
be detected and micrographs did not reveal the presence of broken cap-
sules. It is plausible that the microencapsulation process produced a small
amount of aggregates (not fully formed capsules) that were susceptible to
early breakage. Visual inspection of the entire batch did not reveal any sig-
nificant amount of free tretadecane at the surface of a 10-liter container, so
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only a small of free tretadecane might have remained in solution. It is
plausible that a small amount of free tetradecane could have cancelled any
drag effect associated with the enhanced surface (Fossa and Tagliafico
1995). Fossa and Tagliafico (1995) observed significant drag reduction or
friction coefficient reduction (5 — 25%) when long-chain molecules in con-
centrations from 5 — 40 ppm were tested in combination with tubing that
had helical groove enhancements.

¢ Enhanced 8 mm tubing @ 5.9% Mass Fraction, kPa/m
= Regular 8 mm tubing @ 5.9% Mass Fraction, kPa/m

12.0 - A Water, 8 mm regular tubing and based on Colebrook at 1.3° C, kPa/m

X Enhanced 8 mm tubing with water only, kPa/m

10.0 4
X

8.0

6.0 7'}

on

4.0

Pressure Drop [kPa/m]

2.0

0.0 T T T T T T T
1.00 120 140 1.60 1.80 200 220 240 2.60

Slurry Velocity [m/sec]
Reynolds No. Range: 8000 - 11300

Figure 4.4. Pressure drop of MPCM slurry at 5.9% mass
fraction, 8 mm regular and 8 mm enhanced tubing.

Figure 4.5 and Figure 4.6 show pressure drop results at 13.4% and 15.2%
(£ 0.4%) mass fractions when 10.9 mm and 8 mm smooth tubing, and 8
mm enhanced tubing were tested. Pressure drop for MPCM slurry at 15.2%
mass fraction 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. However, lower pressure drop was observed when smooth and
enhanced 8 mm tubing sections were used. The results are consistent with
the pressure drop results at low mass fractions, suggesting that the same
mechanisms are also in play at higher mass fractions.
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Figure 4.5. Pressure drop of MPCM slurry at 13.4% and
15.2% mass fraction, 10.9 mm smooth tubing.
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Figure 4.6. Pressure drop of MPCM slurry at 13.4% and 15.2%
mass fraction, 8 mm smooth, and 8 mm enhanced tubing.

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
um) suppress turbulence (Crowe et al. 1998) and have a considerable im-
pact 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.
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Convective heat transfer coefficient measurement for water

Water heat transfer tests were conducted and temperature data were col-
lected using thermocouples and a sensitive data acquisition system as de-
scribed above. The amount of power for each section was measured to de-
termine each section’s associated heat flux. Each section experimental heat
transfer coefficient was calculated based on the following relation:

he 9

4.4)
T - Tbulk

wall

where q”, Twan, and Thux are the wall heat flux, wall temperature, and bulk
fluid temperatures, respectively. The experimental convective heat trans-
fer coefficient was analyzed and compared with the Gnielinski correlation:

(fj(ReD—loOO)Pr
8
Nu, = (4.5)

1+127(;j%(Pﬁé—i)

where Nup, f, Rep, and Pr are the Nusselt number, friction factor, Rey-
nolds, and Prandtl numbers, respectively. The Gnielinski correlation is
valid for 0.5 < Pr < 2,000 and 3,000 < Re < 5 x 106, and takes into account
the friction factor. Other correlations, including the Dittus-Boelter and
Sieder and Tate correlations, are valid when the Reynolds number is
greater than 10,000.

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

h=Nu, (4.6)

K
D
where h, Nup, k, and D are the convective heat transfer coefficient, Nusselt

number, fluid thermal conductivity determined at the bulk fluid tempera-
ture, and pipe diameter, respectively.

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

h Area
Enhancement _ Factor = —hanced

Smooth ( 4_7)
Area

smooth smooth

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

After taking into account the enhanced tubing additional surface area, it
can be concluded that that the microfins or enhancements on the tubing
inner surface curtail the heat transfer process but make up the difference
by providing more surface area for heat transfer. This suggests that en-
hancements affect the momentum transfer from the wall to the bulk fluid.
Zukauskas (1994) studied the impact of enhancements in detail and con-
cluded that the height of the enhancement should only be high enough to
disturb the viscous sublayer in liquids. Zukauskas (1994) defined a dimen-
sionless roughness height, k+, which is defined as follows:

ku.,
1%

k' =

(4.8)

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

Previous experiments (Crowe et al. 1998) showed that k+ should fall be-
tween 5 — 70 for improving the heat transfer rate; otherwise the enhance-
ment could be ineffective. In the case of water at 1.76 m/sec, k+ is about
0.25, which suggests that a higher enhancement is advisable as long as the
pressure drop penalty does not increase drastically.

MPCM slurry heat transfer test

Several heat transfer experiments were conducted to determine the con-
vective heat transfer coefficient of MPCM slurry at high and low mass frac-
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tions. Temperature and power readings necessary for 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 transforma-
tion of the phase change material was assumed. Simple energy balance
calculations based on temperature, power, and flow-meter readings were
performed to verify that the MPCM slurry sensible and latent heat capaci-
ties match the energy input within a margin of error of 10% or less.

Figure 4.7 and Figure 4.8 show the experimental temperature profile
(temperature vs tubing length) from several heat transfer tests of MPCM
slurry at 7.0% (+ 0.4%) when the slurry velocity was varied from 0.64 —
1.08 m/sec and from 1.17 — 1.50 m/sec, respectively. Also, these figures
show the experimental heat capacity enhancement when assuming identi-
cal flow conditions (initial temperature and flow rate) using plain water. A
40% enhancement can be obtained when 7% of MPCM slurry is used.
Figure 4.7 and Figure 4.8 also show the effect of phase change material as
it absorbs energy during the melting process. The process helps maintain a
lower temperature in the carrier fluid (water), which in turn allows heat
transfer to occur at lower temperatures than normal.

In Figure 4.7 and Figure 4.8, the MPCM slurry temperature profile dis-
plays three primary changes in slope at approximately 5 °C that are indica-
tive of the phase change process. Under ideal circumstances, the tempera-
ture gradient should be close to zero during phase change. However, the
experimental data reveal a slope greater than zero because not all the
microcapsules undergo phase change at the same time. Microcapsules
closer to the tube wall undergo phase change first, affecting the slurry bulk
temperature as those capsules exchange energy with the surrounding fluid
and other microcapsules that have undergone only partial phase change or
none at all. The shape of the temperature profile can be used to investigate
the amount of particles that melt before, during, and after reaching the
phase change material melting point by using energy balances on the fluid.
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Figure 4.7. Temperature profile for MPCM slurry at 7.0%, 10.9 mm
smooth tubing, Reynolds number range 3200 - 5400.
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Figure 4.8. Temperature profile for MPCM slurry at 7.0%, 10.9
mm smooth tubing, Reynolds number range 5800 - 7500.

Figure 4.9 and Figure 4.10 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. Figure 4.7 and Figure 4.8 show how the convective
heat transfer coefficient changes considerably during the phase change
process, which is similar to the behavior observed by Yamagishi et al.
(1999). During the phase change process, the slurry bulk temperature does
not increase as fast as during the before- and after-melting segments,
which is due to the additional heat capacity provided by the phase change
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material. The additional heat capacity during the phase process enhances
the heat transfer coefficient as shown in Figure 4.9 and Figure 4.10, and is
in line with the idea that at a higher heat capacity or Prandtl number, the
convective heat transfer coefficient increases accordingly (Kasza and Chen
1985). It can also be noticed that the heat transfer coefficient increases
significantly with fluid velocity because momentum transfer is greater at
high velocities. However, the heat transfer coefficient for MPCM slurry is
lower than that for pure water at the same velocities, suggesting that the
particles attenuate turbulence and momentum transfer. It is known that
particle size can either enhance or suppress turbulence. Experimental data
(Crowe et al. 1998) suggest that small particles such as the ones used in
the project (2 — 10 um), and whose relation to the characteristic fluid
length scale is less than 0.1 (Dp/Le), have shown considerable turbulence
suppression and therefore, lower momentum transfer.
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Figure 4.9. Heat transfer coefficient of MPCM slurry at 7.0%, 10.9
mm regular tubing, Reynolds number range 3200 - 5400.
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Figure 4.10. Heat transfer coefficient of MPCM slurry at 7.0%,
10.9 mm regular tubing, Reynolds number range 5800 - 7500.

Figure 4.11 shows the MPCM slurry temperature profile as a function of
tubing distance at mass fractions of 16.5%, when a 10.9 mm tubing section
was used. Figure 4.11 also shows that at a higher heat flux (16.3 kW/m2)
and higher velocity (1.21 m/sec), the MPCM slurry exhibits noticeable
changes in temperature gradient. Figure 4.12 shows the heat transfer coef-
ficient under same conditions as in Figure 4.11. It can be noticed that the
heat transfer coefficient (Figure 4.12) is much lower than that for plain wa-
ter and MPCM slurry at lower mass fraction under the same conditions,
which indicates that at higher mass fractions, higher apparent viscosity
and lower turbulence curtails the heat transfer from the wall to the bulk
fluid. On the other hand, the experimental heat capacity is considerably
greater than that of water (70%) under the same conditions.
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Figure 4.11. Temperature profile for MPCM slurry at 16.5%,
10.9 mm smooth tubing, Reynolds number ~ 4000.
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Figure 4.12. Heat transfer coefficient of MPCM slurry at 16.5%,
10.9 mm smooth tubing, Reynolds number ~ 4000.

Figure 4.13 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 may suggest that enhanced tubing does in-
deed improve the heat transfer process at low mass fraction, as indicated
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by the enhancement factor shown in Figure 4.13. However, plain water
still has a greater heat transfer coefficient under identical conditions.
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Figure 4.13. Heat transfer coefficient of MPCM slurry at 7.0%, 8 mm regular
and 8 mm enhanced tubing at 1.9 m/sec, Reynolds number ~ 6900.

Figure 4.14 shows the heat transfer coefficient of MPCM slurry at 12.0%
mass fraction when an 8 mm smooth (regular) tubing section was used. As
in the case of the 10.9 mm tubing section, the heat transfer enhancement
is 0.4, which can be attributed to lower turbulence at higher mass fractions
and smaller tubing size.
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Figure 4.14. Heat transfer coefficient of MPCM slurry at 12.0%, 8 mm regular
tubing at 1.9 and 2.24 m/sec, equivalent Reynolds number range 4600 - 5400

Figure 4.15 and Figure 4.16 show the heat transfer coefficient of MPCM
slurry when an 8 mm enhanced tubing section is used. Figure 4.15 shows
that at higher velocities and heat fluxes, the heat transfer coefficient in-
creases considerably. The enhancement in heat transfer coefficient can be
attributed to greater turbulence, which translates into greater momentum
transfer from the wall to the core fluid, and also to the additional amount
of heat transfer area available from the enhanced tubing. Figure 4.15 also
shows that the heat transfer coefficient peaks when the slurry bulk tem-
perature is near the melting point of n-tetradecane (the PCM). As noticed
in Figure 4.9, Figure 4.10, and Figure 4.15, the phase change process has a
positive impact on the heat transfer coefficient because of the additional
heat capacity available from the latent heat of fusion of the PCM. Figure
4.15 also shows that the phase change process and higher mass flow rate
yields significant enhancement of the heat transfer coefficient when com-
pared with the before- and after-melting segments of the same heat trans-
fer experiment. As in the case of single-phase fluids, the heat transfer coef-
ficient of MPCM slurry is also a function of momentum transfer and heat
capacity, as represented by the mass flow rate and increased heat capacity,
respectively.
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The benefits of using enhanced tubing diminish considerably at higher
mass fractions, as seen in Figure 4.16. This may suggest that a larger pipe
diameter and a different type of enhancement could still enhance the
MPCM slurry performance at high mass fractions. Table 4.1 summarizes
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the heat transfer and heat capacity enhancement factors for the tubing sec-
tions and MPCM slurry used in the experiments.

Table 4.1. Summary of percentage of particles migrating in and out of the near-wall region.

Mass Tubing Characteristics Heat Flux Slurry % of Particles into Wall Regjon

Fraction % (KW/m?2) Velocity Before Bulk Fluid Reached
(m/sec) Melting Point of PCM

7% Smooth, 10.9 mm 8.5 0.64 3%

7% Smooth, 10.9 mm 8.3 0.92 5%

7% Smooth, 10.9 mm 8.5 1.08 6%

7% Smooth, 10.9 mm 14.1 1.08 7%

7% Smooth, 10.9 mm 14.1 1.17 6%

7% Smooth, 10.9 mm 141 1.36 8%

7% Smooth, 10.9 mm 18.3 15 12%

16.5% Smooth, 10.9 mm 13.4 121 18%

7% Smooth, 8 mm 13.9 1.9 14%

7% Enhanced, 8 mm 13.9 1.9 13%

12% Smooth,8 mm 17.8 1.93 22%

12% Smooth,8 mm 28.3 2.24 27%

Another important goal of the heat transfer experiments was to determine
the percentage of particles that underwent phase change before the bulk
fluid reached the melting point of the PCM. This is an important part of
the investigation because it reveals which conditions (flow rate, heat flux,
etc.) favor such phenomenon. Simple energy balance calculations were
performed based on the temperature profiles of each heat transfer experi-
ments to determine the equivalent mass flow rate of particles that transfer
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 particles
entering that region. The calculations are based on the slope of the tem-
perature profile as well as on the heat flux, flow rate, and mass fraction
used. The energy balance calculations were also used to corroborate the
mass fraction tested during the experiments. Such calculations can also be
used to shed light on the impact of higher heat flux (i.e., greater thermal
gradient near the surface) as well as changes in flow rate (lower or higher
momentum transfer from the wall to the core fluid). The uncertainty or
overall error in the energy balance calculations was within + 8%. Results
from the calculations are summarized in Table 4.1.
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Table 4.1 shows that higher slurry velocities increase the percentage of
particles migrating into the near-wall region increase. The table also shows
that a higher heat flux increases the migration percentage, but not as sig-
nificantly as when the slurry velocity increases. A higher heat flux at simi-
lar flow rates and particle loadings results in a thicker layer of wall-region
fluid with a temperature greater than the PCM’s melting temperature. Sig-
nificant migration can be observed when both heat flux and slurry veloci-
ties are increased considerably. This result can be explained by the in-
creased level of turbulence and greater thermal gradient near the wall,
which favors greater momentum and heat transfer.
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5 Computational Modeling

Overview

In order to fully exploit the enhanced heat transfer capacity of MPCM
slurry flows in any practical application, it is necessary to develop a model
that accounts for all of the physics that influence the phenomenon while
remaining sufficiently simple to be practical for design calculations. The
present context primarily relates to the use of MPCM slurry flows in dis-
trict heating and cooling applications. Correctly modeling this situation
requires one to consider the effects of turbulence, convective and conduc-
tive heat transfer, two-phase flow, and energy release or gain due to phase
change. Each of these problems is challenging individually, and in combi-
nation the problems are compounded. Nonetheless, it is possible to make
progress by introducing several simplifications that greatly reduce the dif-
ficulty of the task. The most important of these assumptions is that the
phase change process can be modeled as a source term in the statement of
the conservation of energy principle. Under this assumption, one does not
need to track the total enthalpy of the system or introduce any ad hoc
functional forms for the specific heat as is done in the conventional treat-
ment of flows undergoing phase change. The authors will present a new
model for describing MPCM slurry flows and show that the model can re-
produce experimental data. The model is intended for future use and ad-
aptation in the design and engineering of MPCM-based system:s.

Fundamental assumptions

The first and most critical simplifying assumption is that the effect of the
phase change can be modeled as a volumetric source term in the energy
equation. Consider a heating application in which energy is being trans-
ferred into the system, for example. When the temperature of a particular
MPCM particle is below the melting temperature, phase change is not oc-
curring and this source term is not active. When enough energy has been
transferred to this fluid particle to raise its temperature to the melting
point, the particle begins to change phase. This phenomenon is modeled
by activating the source term to remove energy from the system. For the
specific case of a straight duct heat exchanger, the analytical work of Choi
et al. (1999) can be used to estimate the length of the region over which
melting is taking place, as expressed in equation 5.1:
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L _ P, A

—2 _ 5.1
L 3 (5.1)
where L. is the length of the melting region, L is the length of the duct, Q.
is the volumetric flow rate, A is the latent heat of the phase change mate-
rial, @ is the volume fraction of the phase change material, pp; is the den-
sity of the liquid phase change material, and Q is the power input to the

system.

It should be noted here that the Choi et al. (1999) model is one-
dimensional and based on a heat transfer fluid containing PCM particles
that are not encapsulated. In contrast, the slurry considered in the present
study contains phase change material that has been encapsulated into ge-
latinous capsule with physical dimensions on the order of tens of mi-
crometers. The principal difference between Choi et al. (1999) and the cur-
rent study, then, is that the density of these microcapsules differs from
that of the carrier fluid only by less than 1%. This result is also given in
Yamagishi et al. (1999) for another MPCM slurry. As such, it is reasonable
to assume that the MPCM particles are completely entrained in the back-
ground flow of the carrier fluid. Using these key pieces of information, the
one-dimensional model of Choi et al. (1999) has been extended to two di-
mensions in the present work. Assuming that a particle of PCM with veloc-
ity equal to the average velocity of the flow must travel a distance of L. in
order to fully melt, one can extract a physically relevant time scale from
equation 5.1 by using the following relationship:

L, =0*dtl (5.2)

dtl = M (5.3)
4q

In this expression, D is the diameter of the pipe, pmpcwm is the density of the
MPCM particle, U is the average axial velocity, and § is the wall heat flux.
The parameter dt1 can then be interpreted as a characteristic time for
melting of a particle. Now it is necessary to make another critical assump-
tion, which is that each MPCM particle will melt at the same rate regard-
less of its radial position in the pipe. This assumption is justifiable due to
the enhanced radial mixing caused by the underlying turbulent flow for
the majority of the pipe. It is conceivable that in a shallow region near the
pipe walls where the temperature is higher than that of the bulk fluid this
assumption can break down, but that factor is overlooked for purposes of
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simplification. The situation is now generalized to allow for nonuniform
temperature and velocity profiles in the axial and radial directions. The
fluid velocity is constant along a stream line, and for the simple geometries
of interest, the domain can be discretized in such a way such that the com-
putational cells follow the stream lines in the axial direction with no dis-
tortion. It should be noted that the method being described here is not
limited to straight pipes, and could be applied to other parallel flows in-
cluding flow around smooth bends with a sufficiently large radius of curva-
ture such that the streamlines remain parallel around the bend. It is also
conceivable that one could consider some non-parallel flows by imposing a
suitable distortion of the mesh to accommodate, for example, a change in
pipe diameter. These complications are not pursued in the present study,
but are left for future adaptations. Returning to the universal melting rate
assumption, the distance a particle will travel along a stream line while
melting, Ln, can be described by considering the local fluid velocity:

L, (r)=u(r)*dtl (5.4)

A typical profile of the axial velocity as a function of the radial coordinate
is shown in Figure 5.1.
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Figure 5.1. A typical mean velocity profile for turbulent pipe flow = 1.5 m/s.

It is clear that near the wall u(r) < U and thus L(r) < L. while away from
the wall, u(r) > U and Lm(7) > L.. Thus, the melting region considered by
this model is more physically realistic than that considered by Choi et al.
(1999), especially for moderate Reynolds number flows in which the de-
gree of turbulent mixing is less than that of high Reynolds number flows.
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Two-dimensional slices along the pipe axis of each region are shown below
in Figure 5.2.

(a)

(b)

L.

Figure 5.2. Two dimensional slices of melting region
for (a) present model and (b) Choi et al (1999).

If it is now assumed that the local rate of energy transfer to the phase
change process, Qmeir, is constant everywhere within the melting region,
then the global rate of energy loss is simply Qmer:*V where V denotes the
volume of the melting region. This assumption implies that in order for
the present model to be compatible with the model of Choi et al (1999), the
volume of the melting region in Figure 5.2a must be equal to the volume of
the region given by Figure 5.2b. One can label the curve marking the onset
of melting as I,(r) and that marking the completion of melting as 1.(7).
Then the volume of the melting region can be found by calculating the in-
tegral in equation 5.5.

D/2 2z ly(r)
V. = j j j dx(rdrd@) (5.5)

a
r=06=0 x=l,(r)

Bearing in mind that 1(7) — 14(7) = L;n(7), one can use equation 5.4 and
the average value theorem to arrive at the following result:

DU

V, =dtl* =V, (5.6)

The next task is to define the source term in the energy equation that mod-
els the local rate of energy transfer to the melting process per unit volume,



“ERDC TR-08-4 61

Qmett- The total latent heat per unit volume is simply the product of the ef-
fective latent heat of the MPCM particle, the local volume fraction of
MPCM particles, and density of the particles. Then to be dimensionally
correct, one must introduce a second characteristic time scale into the
model, dt2, which yields the following relationship for Qmei.

APOypew
— 7/ MPCM 5.7
Qmelt dt2 ( )

The total amount of energy removed from the melting region per unit time
is then found using equations 5.6 and 5.7 as follows:

dtl

Quotal = E Pupem Quot (5.8)

A simple control volume analysis shows that Q.:« must obey the following
relationship in the absence of any other sources or sinks of energy:

Quotat = Pupem Quid (5.9)

This relationship implies that in the ideal case, dt1 = dt2. This result
should not be a surprise since the relationship derived in equation 5.3
shows that dt1 should depend only on the magnitude of the heat flux into
the pipe. This implies that dtz can be thought of as a characteristic time for
the phase change in addition to the kinematic interpretation initially as-
signed to it. Because the problem deals with real flows at finite Reynold’s
numbers, the independence of dt1 and dt2 will be retained in order to have
more flexibility in the model. As such, one can consider the ratio dt1/dt2
as a rough measure of how closely the flow approximates the ideal turbu-
lent flow paradigm.

Implementation

For the present work, the phase change model developed above was used
in conjunction with a commercial computational fluid dynamics (CFD)
package. The flow considered was the turbulent flow of a mixture of two
incompressible phases through a straight, axisymmetric pipe with uniform
heat flux along the pipe wall. In order to deal with the turbulence, the
Reynolds Averaged Navier Stokes (RANS) equations are considered along
with an appropriate turbulence model described below. The existence of
the secondary phase adds an extra layer of complexity to these equations.
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The secondary phase is accounted for by defining mixture-averaged quan-
tities for the thermodynamic variables and by introducing a new transport
equation for the volume fraction of the secondary phase. Equations 5.10
and 5.11 describe how mixture-averaging is performed for the density, p
(or any other thermodynamic quantity) and the velocity components, re-
spectively. The subscript “m” in these equations signifies a mixture-
averaged quantity.

pm = Zakpk
k=1

(5.10)
Zakpkuk
Um — k=1
P (5.11)
The governing equations for this two-phase flow are then given by:
0
E(pm)'FV'(mem):O (5.12)
0 T
g(pmum)-i_v'(pmumum): _vp+v[/um(vum +VUm )]_pm<umum> (5.13)
6 n n
at (@pE)+V- Z[akuk (okEc+p)]=V- (ﬂ’eﬁ VT)"' Se (5.14)
k=1 k=1
0
g(akpk)_'_v.(akpkum):o (5.15)

where U is the mean velocity vector, u is the turbulent velocity fluctuation
vector, p is the pressure, u is the absolute viscosity, a is the volume frac-
tion of the secondary phase, A is the effective thermal conductivity, E is the
total energy, and Sk is a source term.

The effects of the turbulence are modeled using the standard k-¢ turbu-
lence model. This involves defining a turbulent viscosity, vr, and solving
transport equations for the turbulent kinetic energy, k, and the turbulent
dissipation rate, €. The relevant equations and model constants used to
close the RANS equations are listed below:
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<umum>:§kl—vT(VUm+VUmT) (5.16)
C k*
y, = (5.17)
&
c v
Ao _ 4 EnetT (5.18)
Pr;

%(pmk)JrV-(memk): V. {pm V—TVK} + pm<umum>VU — Pné€  (5.19)
O

vu 2
ﬁ(pm5)+v-(pmumg)=v-{pm V—TV5}+C£1 Po{Uintn) mE—CE2 Pn?_520)
ot o k K

&

Pr, =085 C,=144 C,=192 C,=009 o,=10 o,=13521)

The geometry considered in this study is that of a straight, axisymmetric
pipe as shown in Figure 5.3.

Pipe Outlet
Pipe Inlet, Uniform Pressure Specified

Test Region: Heat Flux Specified

I N
|

Pipe Centerline, Symmetry Axis

Hydrodynamic Entry Region: Zero Wall Heat Flux

Exit Region: Zero Wall Heat Flux

Figure 5.3. Model geometry and boundary conditions (not drawn to scale).

The model is an idealization of the experimental apparatus described in
great detail by Alvarado (2004), and the item of interest here is only the
heating portion of the complete heat transfer loop. Consider a pipe seg-
ment of finite length divided conceptually into three regions. The region
nearest the inlet, designated the hydrodynamic entry region, is perfectly
insulated (zero wall heat flux) and serves to convert an inlet plug flow into
a fully developed turbulent Poisuelle flow. The second region, designated
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the test region, is supplied with a constant uniform wall heat flux. The fi-
nal region, designated the exit region, simply serves as a perfectly insu-
lated buffer region leading to the outlet of the pipe. Its main purpose is to
ease the transition numerically from the uniform heat-flux wall to ambient
outlet conditions.

To close this section, the conditions at each of the boundaries must be
specified. As indicated in Figure 5.3, the pipe centerline is modeled as a
perfect symmetry axis and thus the flow does not vary in the azimuthal di-
rection. The turbulence quantities, k and ¢, are determined at the inlet by
specifying the turbulence intensity, I, and the hydraulic diameter of the
pipe, L, and applying the following set of equations:

u

| =— (5.22)

| =0.07L (5.23)

k = %(U el f (5.24)
k3/2

e=C)lt— (5.25)

Here, Uave is the average mean velocity at the inlet and [ is the turbulent
length scale. In all of the calculations that will be presented, a turbulence
intensity of 0.06 was used, and the hydraulic diameter was set to equal the
diameter of the pipe. Backflow turbulence conditions are specified at the
pipe outlet that are equal to those specified at the inflow. This is necessary
in case the flow should reverse direction at any point along the outflow
boundary. At the pipe wall, the turbulence is treated using standard wall
functions. The interested reader is referred to Launder and Spalding
(1974) for details on this procedure. The total pressure, temperature, flow
direction, and volume fraction of the secondary phase are specified at the
inlet, while at the outlet only the pressure (taken to be zero) is specified,
and values for all other variables are extrapolated from the interior. No
slip boundary conditions are specified at the wall in addition to the heat
flux boundary conditions described earlier. The steady-state versions of
the governing equations are solved using the finite volume technique. An
initial estimation is made for the flow variables, and the solution is iter-
ated upon until a converged solution is achieved.
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It is necessary here to make a few remarks about the thermal properties
used in these simulations. While the analytical model of Choi et al. (1999)
was developed and tested for slurries of nonencapsulated PCMs that have
well defined thermal properties, the present study is concerned with PCMs
that have been encapsulated. The encapsulation process adds a layer of
complexity to slurry mixture and has a significant effect on the thermal
properties of the PCMs. In principle it is possible to calculate the compos-
ite thermal properties of the MPCM particles if one knows the proper
physical dimensions and the thermal properties of the constituent materi-
als. This exercise is likely to yield values that are close to the true values of
the slurry, but one must keep in mind that the manufacturing process is
imperfect and deviations in thermal properties could occur within the
same batch or across batches during production. It is then advisable to use
experimental data to build proper thermal property correlations to use as
input for the proposed model. This is the approach taken by the authors in
this study.

Results

This section examines the ability of this phase change model to reproduce
selected experimental results obtained by Yamagishi et. al. (1999) and Al-
varado (2004).

Figure 5.4 shows the centerline temperature profile extracted from the

simulation plotted with Yamagishi’s experimental data for the case of a
water/octadecane MPCM mixture with the following conditions: ¢ =

19.984 kW/m2, U =1.25 m/s, and a = 0.12. The Reynolds number of this
flow is defined as follows:
Re = P Iy (5.26)
7,

where p and u are the density and dynamic viscosity of the slurry, respec-
tively, and U and D are the average velocity and pipe diameter respec-
tively. The Reynolds number varies from 7360 to 8650 due to variations in
slurry viscosity with temperature.
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Figure 5.4. Computed and experimental (Yamagishi et al. 1999) bulk temperature profiles

along pipe axis; (j = 19.984 kW/m2, U = 1.25m/s, and a = 0.12.

The result shown in Figure 5.4 was generated using dt1 = 2.23 and dt2 =
2.23. In this plot, along with all subsequent plots, the value of dt1 is calcu-
lated according to equation 3. The value of dt2 was varied in the vicinity of
dt1 until the computed solution closely followed the experimental data. It
is possible then to a posteriori check the ratio dt1/dt2, which completely
describes the ratio of the total amount of energy actually removed from the
system to the total amount that should be removed under ideal conditions.
In the case considered here, dt1/dt2 = 1.0 as the real flow corresponds well
to an ideal turbulent flow. However, a potential pitfall encountered when
using turbulence models is discussed below.

The first case of interest in Alvarado (2004) is similar to Yamagishi’s ex-
periment described above. It is a high Reynolds number (Re = 5870 —
7270) flow with a high wall heating rate but a lower particle volume frac-
tion. Under these conditions, one would expect the flow to closely exhibit
the characteristics of the ideally turbulent flow paradigm, namely that set-
ting dt1 = dt2 should yield results that closely approximate the experimen-
tal data. Figure 5.5 confirms this expectation. Note that in both Figure 5.4
and Figure 5.5, the temperature in the vicinity of the location of the onset
of melting is overpredicted by the model. This result can be explained by
the concept of supercooling. It is well known that MPCM particles exhibit
a difference of several kelvins between their melting and freezing tempera-
tures. The phase change model implies that particles melt and freeze in-
stantaneously upon crossing a common temperature threshold. The re-
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solidification process releases energy back to the system resulting in a
higher temperature than observed experimentally where the particles do
not resolidify.

10.0

Bulk Temperature (C)

1.0 A

0.0

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
Distance Along Pipe Axis (m)

‘ = Experimental Result = Computed Result‘

Figure 5.5. Computed and experimental (Alvarado 2004) bulk temperature profiles

along pipe axis; (j = 18.3 kW/m2, U = 1.50 m/s, and a = 0.07.

Now consider a lower Reynolds number (Re = 3600 — 4250) flow coupled
with a lower heating rate. It is unlikely that the ideal turbulent model can
faithfully reproduce the experimental data. This case is shown in Figure
5.6. Note that the ideal model, dt1 = dt2, yields results that underpredict
the bulk temperature by over 1 °C. In order to approach the experimental
data, the value of dt2 must be substantially increased. That change serves
to decrease the ratio dt1/dt2 and effectively limits the amount of energy
removed from the system. In the experimental configuration it is unlikely
that full phase change occurred throughout the system. The calculations
suggest that only approximately 60% of the available phase change mate-
rial has actually changed phase despite the apparent rise in the bulk tem-
perature above the melting temperature. The most likely reason for this
discrepancy is that the real flow consists of a laminar core region where
the particles do not have sufficient time to melt. Yamagishi et al. (1999)
discuss this topic in more detail. It is noted, however, that the presence of
the small-diameter particles (2 — 10 um) possibly serves to suppress turbu-
lent fluctuations in the flow. Abbas and Crow (1987) show that turbulence
is suppressed in slurry flows with a dp,/Le ratio lower than 0.001 where d;,
is the particle diameter and Le is the fluid length scale, interpreted to be
the diameter of the pipe in this geometry. For the experimental conditions
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of Yamagishi et al. (1999) this ratio is approximately 0.001, supporting the
hypothesis that this flow is not fully turbulent.
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Figure 5.6. Computed and experimental (Alvarado 2004) bulk temperature profiles

along pipe axis; (j = 8.3 kW/m2, U =0.83 m/s, and a = 0.07.

Because the purpose of a heat exchanger is to transfer thermal energy be-
tween an intervening fluid and the external environment, it is of great in-
terest to be able to quantify the energy exchange. In this context, a heat
transfer coefficient is defined according to the following equation:

h=— 49 (5.27)

where Twau is the temperature at the inner surface of the pipe wall and T*
is the average (or bulk) temperature. Figure 5.7 shows the heat transfer
coefficient as a function of axial position along the heat exchanger that re-
sults from equation 5.27 for the experiment discussed previously in Figure
5.5. It can be seen that the computational model overpredicts the heat
transfer coefficient. However, there is at least some degree of qualitative
agreement between the two curves, most notably the presence of a peak in
the phase change region. Yamagishi et al. (1999) argue that the sharp in-
crease in h begins when particles in the near-wall region begin to melt be-
fore those in the core region, as solid particles randomly migrate into this
layer to melt and subsequently reduce the wall temperature. A subsequent
decrease in h begins when the core region reaches the melting temperature
and the particles therein begin to melt. Two observations can be made



“ERDC TR-08-4

69

from Figure 5.7 and Figure 5.8. The first is that the predicted magnitude of
the peak in h is much smaller than that discovered experimentally. Second
is that the location of the predicted peak is shifted downstream of the ex-
perimental peak. Both of these observations can be explained by examin-
ing the turbulence model and computational grid used in this exercise. As
mentioned above, the k-¢ turbulence model was chosen as a simple yet ro-
bust model of turbulent pipe flow. In order to apply this model correctly,
the computational grid must be sufficiently coarse so that the first grid
point lies within the log-law region, y*~30, where y* is a nondimensional
distance from the wall scaled by the wall shear stress and kinematic viscos-
ity. The point to be made is that the thermal boundary layer cannot be re-
solved using this turbulence model. The wall temperature, Twar, is calcu-
lated using a similar log-law relationship. Problems are encountered
because the implementation of the phase change model begins when tem-
perature at the computational cell center reaches the melting temperature.
The lack of resolution of the thermal boundary layer then effectively shifts
the onset of melting in the computational domain downstream of that ob-
served experimentally. If one increases the near-wall grid resolution, the
log-law relationship is no longer valid, and serious problems result. Figure
5.9 shows the results of such an increase in resolution. The data presented
are the variations in the local heat transfer coefficient for Yamagishi’s
(1999) experiment described above in Figure 5.4. It can be seen that the
predicted heat transfer coefficient is too large by a factor of approximately
4. The discrepancy between the computed and experimental results is
much more pronounced for this case. It is noted that the predicted bulk
temperature profiles agree quite well with the experimental data (Figure
5.4) in spite of the problems encountered in the near-wall region. The
point to be understood is that one must carefully consider both the turbu-
lence model and the near-wall computational grid in order to generate
useful information.
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Figure 5.7. Computed and experimental (Alvarado 2004) heat transfer coefficient profiles

along length of heat exchanger; (j = 18.3 kW/m2, U = 1.50 m/s, and a = 0.07.
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Figure 5.8. Computed and experimental (Alvarado 2004) heat transfer coefficient profiles

along length of heat exchanger; (j = 8.3 kW/m2, U =0.92 m/s, and a = 0.07.
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Figure 5.9. Computed and experimental (Yamagishi et al. 1999) heat transfer coefficient
profiles along length of heat exchanger; (j = 19.984 kW/m2, U = 1.25 m/s, and a = 0.07.
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6 Conclusion and Recommendations

Conclusions

The experimental data presented in this report show that MPCM slurry
can provide considerable heat capacity enhancement for a thermal transfer
system. Specifically, the following conclusions are drawn:

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

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

e Microcapsules become durable and impact-resistant when smaller than
10 pm.

e Pressure drop experiments revealed a possible drag-reducing effect
from the use of microcapsules that should be investigated further.

e Heat transfer experiments showed that the heat capacity enhancement
provided by MPCMs is considerable even at low mass fractions.

e MPCM slurry heat transfer coefficients are typically lower than that of
water under the same flow conditions, even when enhanced-surface
tubing was used.

e The heat transfer coefficient increases considerably during the phase
change process.

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

e Particle migration before, during, and after the bulk fluid reaches the
PCM melting point is affected by slurry velocity more significantly than
by heat flux. High heat fluxes also affect the migration rate of particles
into the near-wall region.

MPCM slurries have the potential to become effective heat transfer fluids
in district cooling applications. The enhanced heat capacity of MPCM slur-
ries can increase a system’s thermal capacity even at low mass fraction.

This work also represents a first step in coupling a phase change model to
flows of an incompressible, two-phase fluid. It has been shown that the
model can successfully predict the bulk temperature profile of a fluid along
the heat exchanger for flows with a high degree of turbulence without
modification. Low Reynolds number flows can also be treated by modify-
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ing the rate at which energy is removed from the system during the melt-
ing process. In principle, one could develop an empirical relationship be-
tween the ratio dt1/dt2 and the Reynolds number for these types of flows.
Equipped with such information, this model could be used to design heat
exchangers to be used with MPCM slurries in lieu of resource-intensive
experimentation.

Recommendations

This study raised several issues that should be explored in future work:

e The supercooling effect needs to be modeled in order to more accu-
rately predict the thermal behavior of MPCM slurry before it reaches
the melting region. This will become particularly important as one tries
to model a closed-loop heat exchanger.

e Better near-wall treatments need to be developed in order to more ac-
curately predict the onset of melting and to model the actual amount of
heat transfer taking place within the heat exchanger.

e A wider range of turbulence models should be considered in attempts
to more faithfully reproduce the behavior of the particles within the
thermal boundary layer.

e More durable capsule materials should be developed to resist harsh en-
vironments.

e More types of enhanced pipe surfaces that may enhance MPCM slurry
heat transfer coefficient should be identified and tested.
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Appendix: Effects of Temperature and
Volume Fraction on Slurry Viscosity

Introduction

During the course of the work detailed in this report, much attention was
paid to the model of viscosity and its determining parameters. While the
Vand model incorporated the volume fraction only, it appeared that tem-
perature may also have a significant effect. This appendix outlines the
steps taken to achieve a model, including both volume fraction and tem-
perature effects.

Current viscosity approximations

Figure A1 shows the comparison of viscosity measurements using the
Thomas Correlation (Thomas 1965) and the method of Yamagishi et al
(1996). At low volume fractions, the viscosity measurements are nearly the
same, but they gradually diverge at higher volume fractions.

Viscosity of MPCM Slurry

0.012

0.01 1

0.008 1

—@—Thomas Correlation
—— vamagishi et al

0.006 1

Viscosity (Pa-s)

0.004 1

0.002 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Volume Fraction

Figure Al. Viscosity vs volume fraction calculated using
Thomas Correlation and Yamagishi et al. (1996).

New viscosity function approximation

The desire for = A+ B+ C to approximate a viscosity function, where A,
B, and C are the different parameters effecting the viscosity, is simple: it
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amounts to a three-dimensional function (one dependent and two inde-
pendent variables) where there is a two-dimensional function for the sin-
gle dependent variable versus each of the two independent variables sepa-
rately. In the three-dimensional space of the desired function, each
function is a two-dimensional plane, so the temperature function is simply
the plane orthogonal to the ¢ axis.

As long as it is assumed that the function for viscosity versus temperature
applies at each “volume-fraction plane,” then one can simply replace the ps
with the viscosity-versus-temperature function:

u=p(g.T)=(1-4-Co) Ae™, A

where ¢ is the volume fraction, T is the temperature, and A, B, C, and D are
the unknown constants. This expression reduces to the correct effect for

¢ =0 and for any reference temperature assuming, again, that the tem-
perature model applies at all volume fractions. It also assumes that the
temperature effects are entirely independent of the volume fraction effects,
with no “cross-product” effects that scale like volume fraction to a power
of temperature. Figure A2 shows the correlation between apparent viscos-
ity and temperature.
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Apparent Viscosity, cP

Viscosity of MPCM Slurry
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Figure A2. Viscosity of MPCM slurry as a function of temperature.

If one assumes that for each and every value of ¢, a fluid behaves like a to-
tally different fluid such that the A and B coefficients would differ, then
clearly this model would not work, and A= A(¢) and B = B(¢) . One would
need to have some idea of the form of those functions before attempting to
fit an equation. It does not seem necessary to make this assumption as
long as the values of ¢ are sufficiently small so it still may be assumed that

the fluid behaves like water.

If enough data are obtained to explore how this model fits, it would be pos-
sible to fit a different temperature-dependency function for several differ-
ent volume fractions. If different values for A and B are obtained for each
volume fraction after the volume fraction effect is removed, then this

method may not work well.

If the model is assumed to be in good form, then all the parameters will
have to be fit simultaneously to all the data to get the best possible fit. A
statistical or mathematics software package may be required, but the
equations may be developed and solved independently. It may not even be
necessary to use a computational fluid dynamics (CFD) program if a ho-
mogenous fluid is assumed rather than two-phase flow. There is potential
for criticism if there is a possibility for doing it simpler. There may be ana-
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lytical expressions for this simple problem geometry, recognizing that they
may or will be approximations due to turbulence. Nevertheless, these ap-
proximate solutions would be as valid as using CFD based on the same ap-
proximations in the turbulence modeling.

Viscosity function curve fitting

As a first approximation for understanding the temperature effect, each set
of volume fraction data was treated as a separate set of data independent
of volume fraction, recognizing the limitation of this assumption as the
volume fractions were not constant across each data set. An exponential
(with temperature) equation was then fitted to each volume fraction data
set. The equation was of the form:

u= ,u(T) =Ae™ (A2)

where T'is the temperature and A and B are constants. The coefficients ob-
tained were very similar and showed a fairly uniform trend from one vol-
ume fraction set to another, as shown in Table A1.

Table Al. Coefficients A and B for volume fractions 0 - 20%.

Nominal Volume Fraction (%) A (cP) B (1/°C)
0 1.75 0.0270
6 2.67 0.0372
10 4.14 0.0432
12 4.10 0.0351
15 8.70 0.0435
20 9.49 0.0490

Next, using these curve fits, all data were normalized back to a standard
temperature in order to isolate the volume fraction effects. The approxi-
mate mean temperature of all the tests, 13.75 °C, was selected as the stan-
dard temperature.

The first approach to the volume fraction issue was to develop a closed
form of the equations for finding the coefficients for the Vand equation
given any set of experimental data. That effort produced two very difficult
nonlinear simultaneous equations to solve, so a less elegant numerical ap-
proach was explored. Using the Solver in Microsoft Excel, the sum of the
squares was minimized between the predicted and observed viscosities,
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both normalized to 13.75 °C. This minimization, and the resulting fit, was
applied across all data. The equation fit was of the Vand form:

w=u(p)=(1-¢-Cg*) (A3)

where ¢1is the volume fraction and C and D are constants. The initial ap-
plication yielded C = 5.26 and D = -3.55, where the volume fraction is di-
mensionless and the viscosity is in centipoises (cP). Later in the analysis,
while looking at the source of the outliers, it was discovered that the most
extreme values were from the 20% volume fraction data set, so that data
set was eliminated completely and a separate analysis was conducted
without it. This second analysis yielded much different coefficients: C =
12.9 and D = -1.66, where again the volume fraction is dimensionless and
the viscosity is expressed in cP.

Next, the Vand correction for volume concentration was used, and similar
to the approach used for temperature, it was normalized to a standard vol-
ume fraction of MPCM. The mean volume fraction was selected to serve as
the normal value, which was approximately 12.8%. Once that correction
was made, a new exponential temperature fit was made; this time to all the
data as it was possible to isolate the volume fraction effects. This run
yielded a single set of new A and B constants and the following “combined
effects” equation:

p=u($T)=200(1-§-12.947) " e 00 Ad)

Figure A3 shows the graph made in the process of executing the fits and
concisely illustrates the results.
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Figure A3. Viscosity curve fitting for first iteration.

The fit appears better at lower viscosities (i.e., lower volume fractions).
This result should not be considered conclusive, but it is promising. It is
suggested that the analysis be repeated using the kinematic viscosity pa-
rameter instead of dynamic viscosity. It is also possible to repeat the fitting
process through additional iterations to see if the results improve. The
goodness of fit parameter was not computed, but that should obviously be
done too. Also, it would be beneficial to repeat the effort after eliminating
more of the questionable data. Although it is best to avoid discarding data
except for known cause, there was a compelling reason to do so after see-
ing that all the first-order outliers were coming from the 20% volume frac-
tion data set. Data sets at some of the other volume fractions also were
questionable in terms of statistical significance, but unless the data were
erroneous, using them should not impact the analysis.

It may be possible to improve the fit while sticking to the overall form of
this combined effects equation. Ideally, the fit could be done simultane-
ously instead of in iterations. However, after developing the basis equa-
tions for the Vand-type fit alone, working them out would pose a high level
of difficulty at best, and the effort is probably not warranted here. It may
be possible to use Excel Solver to do a simultaneous fit, but nonlinear solu-
tions become difficult with many degrees of freedom, and there are no
guarantees of a true global minimum when using the numerical routines.
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Summary

This analysis provides a useful look at the possible effects of both tempera-
ture and volume fraction upon the viscosity of MPCM slurries. The im-
proved viscosity model developed here, while imperfect, will allow for bet-
ter estimates of required pumping power needs for both retrofitted and
new heat transfer piping systems using MPCMs. Using the supplied model,
one would be able to find the increase in viscosity of a heat transfer fluid
using MPCMs and determine the pumping requirements for their applica-
tion and piping system, or determine the maximum loading fraction that
an existing system can handle.
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