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Microencapsulated phase change slurry (MPCS) can release and store heat during phase
transitions, allowing for a thermal energy transfer to occur when the core material transitions
between solid and liquid phases. Numerical and experimental research has shown that MPCS
slurries, using water as a base fluid, can improve thermal performance. To investigate the use of
MPCS as a working fluid, this study considers slurry synthesis, characterization, and experimental
investigation of the MPCS in a shell-and-tube heat exchanger. Characterization of the slurry was
performed through thermal analysis, rheometry, and zeta potential measurements. The heat
transfer performance and pressure drop across the heat exchanger were benchmarked against a
baseline case of water. The effect of particle concentration and Reynolds number on the heat
transfer performance of the slurry were evaluated. The results indicate that particle concentration
improves heat transfer performance but also increases the pumping requirements due to the
increase in viscosity along with particle concentration. The maximum average heat transfer

coefficients of 5% and 7.5% mass fraction MPCS was 16.7% and 21.6% higher, respectively, than



that of water under the same conditions. Pressure drop increased by 288.1% and 321.2% compared
to water for 5% and 7.5% MPCS respectively. A performance enhancement criterion (PEC) was
utilized to compare gains in heat transfer performance with increases in pumping power. Despite
higher heat transfer coefficients (HTC) at greater Reynolds numbers, water had superior thermo-
hydraulic performance at Re > 1550 due to lower residence times and increased pumping power

required for the slurries.
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Chapter 1 Introduction
1.1 Phase Change Materials

Phase change materials (PCMs) are a type of material that uses latent heat during phase
transition to store and release thermal energy. PCMs possess the unique ability to absorb and
release large quantities of heat without rapid increase in temperature when they change state,
providing their unique use-case in thermal management applications. Phase change materials
typically undergo solid-liquid transformations, storing and releasing thermal energy as they
transition between phases. Materials employed for PCMs exhibit high latent heat and possess a
melting temperature within the range of the relevant application. Relevant materials which have
been studied over the past 40 years are hydrated salts, paraffin waxes, fatty acids, and eutectics
[1]. Among the various options, PCMs are broadly classified into organic and inorganic materials,
with organic PCMs further divided into paraffin and non-paraffin types. Organic materials are
favorable due to their non-corrosivity and stability [1]. Additionally, paraffin waxes are the most
economical, and provide thermal energy storage density, but low conductivity [2]. The high latent
heat of fusion intrinsic to PCMs allows for higher energy density, higher specific heats and
temperature stability in a small area [3]. Solid-liquid phase change material undergoes three
different phases as described by Tan et al [2]. In the first phase, the solid material reaches a state
where the ambient temperature is the melting temperature. In the second phase, the solid PCM
melts under a constant melting temperature, and the latent heat is stored. In the last phase, the
liquid PCM rises in temperature as sensible heat energy is stored in the liquid. PCMs are capable
of storing 5-14 times more latent heat per unit volume than sensible heat storage materials (e.g.

water) [1]. The selection of an appropriate PCM depends on the application temperature, the latent



heat required, stability of the PCM, low subcooling, and low volume change. Reproducible phase

change, which allows for the cyclic storage release and absorption of latent heat is also desired [4].

To increase heat transfer area, reliability and supplement existing working fluids,
polymeric containers for PCM using encapsulation technology have been employed. These
capsules, micrometers in size, are referred to as microencapsulated phase change material
(MEPCM), and consist of a polymeric shell and PCM as the core material. With
microencapsulation technology, the MEPCM shell prevents contact of the PCM with the

surrounding environment and provides a large variety of applications for the PCM [5].
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Figure 1.1 Schematic of microencapsulated phase change material [6]

When MEPCM is dispersed in a carrier fluid, a two-phase suspension is formed, known as
microencapsulated phase change slurry (MPCS). The introduction of a carrier fluid allows for a
higher degree of convective heat transfer from fluid-particle interaction. The phase change and
latent heat increase the effective specific heat of the working fluid result in heat transfer
enhancement [7]. Kasza and Chen [8] were one of the first to propose phase change slurries, with
particles just under 1 mm, for the enhancement of solar energy and waste heat storage and
investigated the possibility of an increase of heat transfer coefficients over a single-phase working
fluid. Alvarado et al. [9]found that the slurry effective heat capacity increased by 40% compared
to water in identical flow conditions, using a 7% wt. n-tetradecane slurry in a heat transfer loop.

However, heat transfer coefficients of the MPCS are typically lower than that of water with the



same velocity, which was attributed to the attenuation of turbulence. Charunyakorn et al. [10]
found that in MPCS slurry flow with forced convection, the Stefan number and particle
concentration are the most important variables in terms of improving the heat transfer coefficient,
and found a 1.5x to 4x improvement over water under ideal conditions. Wang et al. [11] found
that the Reynolds number and slurry mass fraction dominated heat transfer performance for
organic MPCS in a circular tube. Enhanced heat transfer performance was achieved for slurries
with concentrations of both 5% and 10%, with an increase of 1-2.5x times higher average Nusselt
number compared to plain water. It was found that a lower heat transfer coefficient was found for
the 10% slurry, compared to the 5% slurry, which was attributed to the suppression of turbulence.
It was found in some cases; the 10% slurry approached the heat transfer coefficient of water at
flow conditions with a low Reynolds number. Zhao et al. [12] found that a three-fold increase in
the bulk Stephan numbers reduced heat transfer enhancement ratio by 30%. Particle concentration
and the Stephan number were the most important parameters. Shaukat et al. [13] found that at
Reynolds numbers of Re = 1200, the average Nusselt number was found to be 12.1% and 28.3%
higher than pure water for concentrations of 5% and 10% MEPCM respectively. It was found that
when the temperature of the hot water entering the heat exchanger increased, increasing the Stefan
number, the heat transfer coefficient of the slurry dropped. It was also found that the pressure drop
increases with respect to flow rate and mass concentration of the PCM. Kuravi et al. [ 14] conducted
heat transfer experiments of water-based MPCS within a microchannel test set-up. In the
experiments, it was shown that as the flow rate of the slurry increased, the heat transfer coefficient
also increased. However, the heat transfer coefficient of the slurry was lower than that of water.
This was attributed to low thermal conductivity of water and incomplete melting of the PCM. As

seen in experiments by Shaukat et al., it was theorized that with higher inlet flows, the particles



did not have sufficient time to achieve melting in the heated region. Additionally, it was theorized
that larger PCM particles would require slower flow rates in order to achieve as much melting as
smaller particles. At this point, few experimental studies have been performed with MPCS as a
working fluid in heat exchangers, especially tube-in-tube or shell-in-tube. This gap in research
underscores the need to investigate the behavior of MPCS in an experimental context for this type
of geometry. This experiment aims to further characterize the physical attributes of MPCS and its

performance as a working fluid within a shell-and-tube heat exchanger.

1.2 Heat Exchanger Design

Heat exchangers are used to transfer enthalpy between two or more fluids and are used in
both heating and cooling. Basic types of heat exchangers include shell-and-tube heat exchangers,
double pipe heat exchangers, and plate heat exchangers. Other types of heat exchangers are created
on a smaller scale, including minichannels and microchannels. A shell-and-tube heat exchanger
consists of a “shell”, which contains tubes inside. One fluid flows within the tubes, and the other
fluid will flow in the shell surrounding the tubes. Heat is transferred from one fluid to another
through the tube walls. In a U-tube heat exchanger, the tubes are bent within the shell, in the shape
of a “U”. In parallel flow of a heat exchanger, two fluids enter through inlets located on the same
side and exit through outlets on the same side as well. In counterflow, fluids enter from opposing
sides of the heat exchanger. The counterflow design is considered to be the most efficient and can
transmit the most heat per unit mass as the average temperature difference across any unit length
is higher [15]. A double pipe heat exchanger, represented in Figure 1.2, is a more simple design
compared to the shell-and-tube, and consists of two concentric pipes, where the “tube” pipe is

within the “shell” pipe.



Shell Inlet
Shell

Tube
11|

TEZL,.FH $/

"_—I_ 1 Tube Outlet
It I_,_I b=

Flanges

Shell Outlet

Figure 1.2 Schematic of a double-pipe heat exchanger [16]

Higher tube-side inlet velocity results in a higher Reynold’s number, which can improve
heat transfer performance. However, the square of velocity is directly related to pressure drop
along the tube side, which can increase the need for pumping power [17]. For turbulent flows, the

tube-side heat transfer coefficient varies to the 0.8" power of the tube-side mass velocity [18].

Heat exchanger effectiveness can be quantified by the ratio of heat actually transferred
from the intended fluid and the maximum heat that can be transferred. The heat transfer rate is

governed by the following equation:
Q = mcp,w (Tw,i - Tw,o) (11)

The heat capacity, C, ,, of the working fluid within a heat exchanger is critical to the amount of
heat transferred and therefore impacts the effectiveness of the heat exchanger. By increasing the
heat capacity of the working fluid, the heat transfer rate and effectiveness of the heat exchanger
can be increased. The use of MPCS in a double-tube heat exchanger has been explored to increase
heat transfer performance [19]. The addition of the MPCM particles allows for heat to be absorbed
in both the sensible and latent forms, whereas plain water as a working fluid can only utilize

sensible heat.



1.3 Key Issues

Several logistical difficulties have been identified with the use of MPCS, including low
thermal conductivity, increased pumping power due to higher viscosities, and stability of the
properties under the strain of thermal cycling.

Supercooling of MEPCM leads to lower crystallization temperature, which in turn reduces the
temperature at which latent heat will be released, and the PCM does not solidify at the freezing
temperature. This can cause challenges in heat transfer issues, as large temperature differentials
can be required within the application to absorb and release latent heat [20].

Clogging and agglomeration are also concerns with MPCS. The separation of the MEPCM
from the base fluid can occur due to density differences between the particles and the fluid. The
potential rupture of PCM shells can also contribute to clogging and increase the pumping power
requirement.

The increase of particle concentration of the slurry also increases the pressure drop and
pumping requirements. Chen et al. [21] found a pressure drop increase of 13.4% with 1% weight
MEPCM in slurry compared to water at the same Reynolds number. The increase in flow resistance
is caused by the increase in slurry viscosity from microcapsules. Figures of merit have been
developed to compare the benefits of the increase in heat transfer compared to the pressure drop

and increasing pumping requirement for slurries.



1.4 Objective

This study aims to characterize the physical and thermal properties of Microencapsulated
Phase Change Slurry (MPCS) and investigate the performance of the slurry as a working fluid for
the shell-and-tube heat exchanger design. It is hypothesized that the addition of MPCS as a
working fluid will increase the heat transfer performance and effectiveness of the shell-and-tube
heat exchanger compared to the use of plain water as a working fluid. The thermal and physical
properties of the phase change slurry will be characterized. Viscosity is measured to understand
the impact of concentration of microcapsules within the slurry. Additionally, the stability of the
slurry is analyzed to improve reliability and avoid clogging. This study considers the effect of
slurry PCM concentration on heat transfer performance for the shell-and-tube heat exchanger, and
compares the results to water, the baseline working fluid to assess improvement. The pressure drop
across the heat exchanger is analyzed to understand the costs of increased pumping power
requirements. A Performance Enhancement Criteria (PEC) is used to analyze the potential benefits
in heat transfer performance to the pumping requirement. The findings of this study provides
insight on MPCS synthesis and the effectiveness of MPCS in shell-and-tube heat exchangers for

thermal management applications.



Chapter 2 Slurry Characterization and Synthesis
2.1 Slurry Synthesis

The MEPCM referenced in this study is Nextek 37D and consists of a paraffin core with

a melamine shell. An SEM image of Nextek 37D particles is shown in Figure 2.1.
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Figure 2.1 SEM image of Nextek 37D

The MEPCM referenced in this study is Nextek 37D and consists of a paraffin core with a
melamine shell. The melting point of Nextek 37D is 37°C, and the particle size is 15-30 microns.
The MEPCM particles were added to deionized water along with sodium lauryl sulfate, an anionic
surfactant. This mixture was ultrasonicated for 15 minutes. Slurries of mass concentrations ranging
from 2.5% to 7.5% were synthesized. Thermophysical properties of the slurry were measured

using DSC, rheometry, and zeta potential analysis.

2.2 Thermal Characterization

The thermal properties of Nextek 37D were analyzed using differential scanning

calorimetry (DSC). The resulting DSC curves are displayed in Figure 2.2.
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Figure 2.2 Differential scanning calorimetry curve of Nextek 37D

It was observed that the particles begin to melt at 32°C, and the end of melting occurred at 38°C.
The latent heat measured from the DSC measurements is 157.6 J/g. As seen in Figure 2.1,
supercooling occurred for Nextek 37D and solidification occurs at 21.5 °C, as indicated in Figure
2.2. This refers to a phenomenon where phase change material remains in its liquid state at

temperatures lower than the solidus temperature [22].

2.3 Viscosity

Five different samples were created to examine the effect of MEPCM concentration on the
viscosity of a slurry. The samples consisted of 2.5%, 5%, 7.5% and 10% mass fraction MEPCM,
along with pure distilled water, with no surfactant added. The rheology of these samples was
measured using a TA Instruments ARES-G2 Rheometer equipped with a cup and bob geometry

using rotational shear. Each sample was placed in the cup, and the bob was lowered into the



sample. The bob rotates within the cup, and the torque which is required to rotate the bob at a
particular speed is measured. This data is then used to calculate the viscosity of the fluid when
steady flow is reached. The temperature of the samples was standardized to 25°C before

measurement. Viscosity was recorded for shear rates of 0 through 200 s1.

Viscosity has an important role in the pressure drop of the slurry within the manifold,
resulting in higher pumping requirements. Literature shows a relationship between the increased
mass fraction of the slurry and viscosity. Delgado et al. [23] observed slurry with a 14% PCM
microcapsule fraction had a viscosity approximately five times of water, whereas a 20% and 30%
microcapsule mass fraction was 6 times higher and 18 times higher respectively. Zhang and Zhao
examined rheological behaviors of various slurries and determined that the shear stress increased
linearly and could be considered a Newtonian fluid for MEPCS with a microcapsule mass fraction
under 25% [24]. In a study by Rutgers comparing several models for the viscosity of spheres in
Newtonian liquids, nearly all models reported Newtonian flow up to a volume fraction of 25%
particle [25]. Multiple other studies show Newtonian behavior with lower PCM concentrations,
and shear-thinning behavior at higher concentrations [23], [26]. Delgado explains that at high shear
rates, the microcapsules begin to form layers where the average distance between particles
decreases in the direction of the flow and increases the direction perpendicular to flow. This change
makes it easier for the fluid to move and decreases the viscosity. It can also be observed that
rotational tests of liquids with low viscosity can create secondary flows, increasing the measured
viscosity. Figure 2.3 displays the effect of particle concentration on the viscosity of the slurry.
Increases in the slurry viscosity are observed with increasing volumetric concentration.

Additionally, in Figure 2.4, the experimental data is plotted against various viscosity models.
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Viscosity vs. Shear Rate for Different Mass Fractions of Slurry
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Figure 2.3 Variation in slurry viscosity with particle concentration
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Figure 2.4 Viscosity models compared to experimental data
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Selvakumar et al. [27] discuss various viscosity models. Einstein’s model is most effective for
volume fractions less than or equal to 0.01. Batchelor’s model builds onto Einstein’s by
considering Brownian motion among particles where volume fraction is less than or equal to 0.1
Krieger and Dougherty proposed a correlation for concentrations above 0.1, to attribute to the non-
Newtonian behavior of suspensions. For lower concentrations, and lower shear rates, it can be seen
that the slurry behaves as a Newtonian fluid. The fluid can then be described using the Vand
equation, which can predict viscosity at particulate volumetric concentrations below 37% [28].

The Vand equation is given below:

o= (= 6 —aghs 21)

Where p; is the effective viscosity of the slurry, ¢ is the volumetric fraction of the particles, uf is
the viscosity of the base fluid, and A is a constant, which depends on the size and shape of the
particle. Vand initially used A = 1.16 for glass spheres with a diameter of 0.013 cm [29]. Mulligan
et al. [30] developed the value A = 3.4 for a slurry with microencapsulated PCM particles of 10-

30 um diameter.

2.4 Stability

PCM slurries are subject to several instability probléms. The creaming phenomenon is
characterized by a difference in density between buoyant particles and the liquid in a suspension
[31]. Due to the lower specific gravity of the MPCM 37D particles, the MPCM floats to the surface
when added to water. Additionally, flocculation and the agglomeration of particles is another

possibility [32]. Typically, surfactants have been used to improve the stability of MEPCM slurries.

12



Surfactants reduce tension between the microcapsules and the aqueous phase [33]. Lin et al. [34]
demonstrate that surfactant can improve stability of MEPCM slurries through a wide range of
microcapsule concentrations. The addition of surfactants which can bind to the microcapsule walls

can create repulsion between particles and therefore promote stability.

The NanoBrook Omni Particle Size and Zeta Potential Analyzer was used to measure
stability trends in PCM and PCM concentration. Zeta potential refers to the electric potential
between the boundary between the diffuse region of a particle, and the bulk fluid. The diffuse
region of a particle refers to the outer layer which contains the inner Stern layer. Within the Stern
layer, ions are strongly bound to a particle, and in the outer diffuse region, the ions are weakly
associated with the particle. When a particle moves throughout the fluid, ions in the diffuse and
Stern layer within a certain boundary move along with it. The zeta potential represents the stability
of the mixture. If the zeta potential is highly positive or negative, the particles will repel one
another, and it is less likely for the particles to clump together. Zeta potential close to zero indicates
low repellence between particles and a higher possibility for agglomeration; therefore, a highly
negative or highly positive zeta potential is ideal. In these experiments, Sodium Lauryl Sulfate
(SLS) from Crafter’s Choice was added to the MPCM-water slurry to improve stability. SLS is an
anionic surfactant, and was recommended by the particle manufacturer as it would bind best with
the microcapsule wall, as the melamine resin is positively charged. Therefore, it is expected that

the zeta potential will be negative.

The zeta potential of three samples of MPCM slurry were measured at ¢ = 0.5%, 1%, and
2% using the NanoBrook instrument, while surfactant percentage was held constant. The zeta

potential decreased with increasing MPCM concentration, indicating that higher concentrations

13



will have a higher degree of particle-particle interactions and lower stability. Figure 2.5 shows the

experimental results of increasing the particle mass fraction and zeta potential.
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Figure 2.5 Variation of zeta potential with PCM concentration

Additionally, the mass percentage of MPCM within the slurry was held constant, and
various concentrations of SLS were measured in the NanoBrook instrument. As shown in Figure

2.6, the zeta potential is largest when the SLS is 0.25% weight surfactant to weight MPCM.
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Figure 2.6 Variation in zeta potential with surfactant at constant MPCM concentration

As the percentage of surfactant increased past 0.25%, the zeta potential of the slurry
approached zero, indicating a higher degree of instability. In this case, a higher degree of stability
is indicated by a more negative zeta potential. This indicates that the particles are more likely to

repel one another.
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Chapter 3 Experimental Methodology
3.1 Flow Loop Design

A schematic of the flow-loop is shown in Fig. 3.1. The working fluid is held in a reservoir
and circulated throughout the tubing using a peristaltic pump. The working fluid is preheated to a
temperature equal to the solidus point of the MEPCM, as it flows through a coil placed in a
thermostatic bath. The slurry is then pumped through the tubes of the shell and tube heat exchanger.
The heat exchanger is wrapped in fiberglass to insulate the manifold and control heat loss to the
environment. RTDs and T-type thermocouples have been placed in the inlet and outlet tubes of the
slurry and the hot water side, respectively, to record temperature continuously. Mixing was
employed in both the chiller and the preheater thermostatic bath to improve heat transfer. An
Omega PX409 differential pressure transducer was connected to both the inlet and outlet slurry
tubes using valves. The heated slurry exits the heat exchanger and passes through another coil
placed in a chiller to bring the temperature down past the point of MEPCM solidus temperature
and the supercooling point, 32°C and 21.5°C, respectively, from where it is then pumped back into
the reservoir. On the hot water side of the loop, a submersible pump is placed into a thermostatic
bath to maintain a constant temperature. The water is pumped through a flow meter, and into the
shell of the heat exchanger. Once exiting the heat exchanger, the hot water is pumped back through
the thermostatic bath. Likewise, the inlet and the outlet of the hot water are measured using
thermocouples. All measured quantities were logged using a data acquisition system. After several
minutes of steady state temperatures, data was recorded for each experiment for about

5 minutes and the data is averaged to get final data points.
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Figure 3.1 Flow Loop Set-up

In Fig. 3.1, thermocouples are marked where readings were recorded at the slurry and hot water

inlet and outlets.

Slurry inlet

.....
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Slurry outlet

Hot water inlet
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Figure 3.2 Cross-section diagram of test section manifold in parallel flow configuration

The test device is a U-tube shell-and-tube heat exchanger. The U-tube consists of a steel

tube that is 0.36 m and has an inner diameter of 0.704 cm. Slurry enters the U-tube through plastic

17



tubing. The shell consists of two plastic tubes connected to a 3D printed piece, fully encasing the

U-tube. The shell is connected to the tubing which supplies hot water through T-joints.

3.2 Flow Loop Parameters

Three different mass fractions were tested, along with pure water as a baseline. The mass
fractions were 5%, and 7.5%. Literature shows that with the increase of mass fraction of the PCM,
the heat capacity of the slurry also increases due to the contribution of latent heat [35]. On the hot-
water side of the loop, the inlet temperature was held constant at 40°C, to remain close to the
melting range of the MPCM. Additionally, the slurry inlet temperature was preheated to 32°C,

which is the beginning of the melting range for the particles in this study.

Three different Reynolds numbers were held constant for each of the slurries (Re = 750,
Re = 1550, and Re = 1930). The flow rate of the slurry varied using the settings of the peristaltic
pump. Previous literature shows that the increase in fluid velocity increases the heat transfer

performance of MEPCM slurries, as a result of greater momentum transfer [36].

In a single pass heat exchanger, the coolant and the hot-side fluid are exposed to each other
once. Parallel flow describes where the inlet is on the same side of the heat exchanger for both
fluids (hot water and slurry). Counterflow marks where the inlet of one fluid is on the same side
where the other one will exit. Both counterflow and parallel flow were tested for each test
condition. For each configuration (parallel or counterflow), three tests were performed at Re =
750, Re = 1550, and Re = 1930 respectively. In total, this amounted to six tests per mass fraction,

or 18 tests in total.
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3.3 Data Reduction

From the RTDs placed in the inlet and outlet of both the slurry and the hot water side of
the heat exchanger, several values can be derived to investigate the heat transfer performance. The
temperatures on both the inlet and outlet of the hot side of the heat exchanger are denoted by T,,,,
with T,, ; and T,, , representing the inlet and outlet respectively. Likewise, the temperatures on the

inlet and outlet of the slurry side are represented by T ; and T ,. The volumetric flow rate of both

the slurry (Q,) and water (Q,,) are both recorded from the pump readings and hot water flow meter
respectively. Additionally, the pressure drop across the slurry tube inlet and outlet are denoted as

AP. The average heat rate dissipated by the hot water is then derived as:

Q = mep,w(Tw,i - Tw,o) (31)

Where m,, is the mass flow rate of the water, calculated from the volumetric flow rate, and C, ,,
is the heat capacity of water. The heat loss was corrected for heat loss to the environment. This
was done by running the hot water through the loop with no slurry present, to observe the
temperature drop resulting from heat absorption by the environment. The corrected heat loss was
then calculated by subtracting the heat loss from the environment by the average heat rate
dissipated during the slurry experiments. Using the adjusted heat loss, effective heat capacity of

the slurry is calculated as:

Q
C o =— (3.2)
i ms(Ts,o - Ts,i)

With the assumption that all heat loss can be attributed to the coolant. Where mig represents the
mass flow rate of the slurry. The logarithmic-mean temperature difference represents the log-mean

temperature difference between the hot and cold fluid flows, and is calculated as:
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ATl - ATZ
AT yrp = —ATl) (3.3)

In (A_TZ

In parallel flow, AT, = T,,; — Ts; and AT, = T, , — Ts,.
For counterflow, AT; = T,,; — Ts, and AT, = T, , — Tg;.
From this, the overall average heat transfer coefficient, or the conduction-convection resistance

between hot and cold fluids [37], is calculated as:

UA = ¢

B ATLMTD

(3.4)

Performance enhancement criterion (PEC) can be derived, which is used to compare the

performance of water and slurry as coolants [38] :

U
S/UW

(APS /APW)

The PEC evaluates the thermal performance of slurry compared to water as a working fluid,

PEC = (3.5)

1
3

considering the increase in pressure drop, and therefore pumping power. This performance ratio is

commonly used in the evaluation of multi-tube heat exchangers.

3.4 Uncertainty Analysis

The temperature reading errors from the thermocouples is equal to 0.1°C. The error generation by
the Omega PX409 pressure transducer is £0.08%. The hot water flow rate was read by a rotameter,

which has an error of 2.5%. Based on the formula for the heat flux, where the inlet and outlet

temperatures are measured. The error propagation variance formula is as follows:
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o= @) () s 36

Where f* represents a derived value, and x represents a directly measured value.
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Chapter 4 Results and Discussion

For each mass fraction (c=0%, ¢ = 5%, and ¢ = 7.5%), twelve experimental runs were performed.
Three tests at various slurry flow rates were performed at T = 40°C. This was repeated for the
other configuration of the heat exchanger (counterflow and parallel). Heat transfer data was

collected for a minimum of five minutes once steady state was achieved for all conditions.

4.1 Heat Transfer Performance and PCM Concentration

The heat transfer coefficient was calculated for each inlet condition and mass concentration, as

displayed in Figure 4.1.

Heat Transfer Coefficient of Water, 5%, 7.5% Slurry, Parallel Configuration
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Figure 4.1 Heat transfer coefficient of slurry at ¢ = 0%, 5% and 7.5%, parallel configuration
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Among all slurry inlet flow rate conditions, the average heat transfer coefficient was calculated for

each slurry concentration at 40°C for both configurations. The average HTC for pure water is

PCM slurry at T = 40°C

1,026.4 —— PCM slurry,

on the inlet of the hot water side. This represents a 14.2% and 21.6% improvement from water for
5% PCM and 7.5% PCM respectively with parallel configuration. Figure 4.2 shows the heat

transfer coefficients for the same conditions under counterflow.

Heat Transfer Coefficient of Water, 5% Slurry, 7.5% Slurry, Counterflow
Configuration
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Figure 4.2 Heat transfer coefficient of slurry at ¢ = 0%, 5% and 7.5%, counterflow configuration

The average heat transfer coefficient is 1064.

and ¢ = 7.5%,

respectively. This represents a 16.7% improvement and 21.2% improvement over water in the

counterflow configuration. Both 5% and 7.5% MEPCM slurry show significant gains regardless
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of configuration, with 7.5% MPCM having the most improvement over plain water. These results
indicate that as particle concentration increases, the heat transfer coefficient also increases.
Improvement in heat transfer performance is due to the increase in latent heat absorption available
by the increased particle concentration, increasing the heat transfer dissipation rate, and thereby
the heat transfer coefficient. The addition of the particles increases the specific heat capacity of
the fluid, enhancing the heat transfer rate of the slurry and heat exchanger. Additionally, as Re
increases for each respective mass fraction, the heat transfer rate is also shown to increase. As the
Reynolds number increases, mixing and convective energy transport increases, resulting in a

higher heat dissipation rate from the hot water.

4.2 Pressure Drop

Figure 4.3 represents the comparison of all three compositions with respect to Reynolds
number. It can be seen that the pressure drops increases along with the increase in Reynolds.
Additionally, pressure drop increases with concentration of MPCM. With respect to the baseline,
the pressure drops increased by 112.6% and 125.8% for 5% MPCM slurry for Re = 1550 and Re
= 1930. Similarly, the pressure drops increase by 321.2% and 288.1% over baseline for 7.5%

MPCM for Re = 1550 and Re = 1930.
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Pressure Drop of Water, 5% Slurry, 7.5% Slurry
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Figure 4.3 Average pressure drop across heat exchanger for ¢ = 0%, 5% and 7.5%

As the particle concentration increases, the viscosity of the slurry also increases. The
particles have a large surface area to volume ratio, leading to an increase in viscosity. It can be
noted that the average viscosity of 5% MPCM slurry is 30.9% higher than that of water, and the
average viscosity of 7.5% MPCM slurry is 44.5% higher than that of water for shear rates of 0-
200 s, As the viscosity of the fluid increases, flow resistance is greater, and a higher pressure
differential is required for the fluid to flow. This results in higher pumping power requirements,
which can negate the positive effects of the increased heat transfer rate as seen in Figure 4.1.
Additionally, the pressure drop increases exponentially with an increase in Reynolds number for

both 5% and 7.5% MPCM slurry.
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4.3 Effective Heat Capacity and PCM Concentration

Figure 4.4 shows the effective heat capacity of the slurries based on the measured heat loss

(Q) and the difference in slurry inlet and outlet conditions. The average heat capacity of the

baseline (¢ = 0%) is 4,595.1 kg+K , or 9.8% above the known heat capacity of pure water, which is

4,184 kg%}(. The heat capacity of 5% MPCM averages to 5,382.5 kg+l<’ 28.7% above the known

heat capacity of pure water and 17.1% above the value measured from this set of experiments. The

average effective heat capacity of 7.5% MPCM slurry is 7,429.7kg+K, 77.6% above the theoretical

heat capacity of water, and 61.7% above the measured experimental results.

Effective Heat Capacity of 5% and 7.5% MPCM Slurry
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Figure 4.4 Effective heat capacity at ¢ = 5% and 7.5%

The increase in specific heat capacity can be attributed to the latent heat from the particles. When

the particles melt, the effective specific heat of the slurry becomes higher, and the heat dissipation
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rate increases, resulting in better heat transfer. As seen in Figure 4.1 and Figure 4.2, the 7.5%

MPCM slurry demonstrates the best heat transfer performance.

4.4 Performance Enhancement Criteria

As demonstrated in these results, 5% and 7.5% MPCM slurries offer significant heat transfer
improvements over water. The PEC was used to compare the benefits from the improved heat
transfer performance of the slurries with the costs from higher pumping power associated with the
increased pressure drop, when compared to water. The PEC against slurry mass fraction is shown

in Figure 4.5.

Performance Enhancement Criteria for 5% and 7.5% MPCM
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Figure 4.5 Performance Enhancement Criteria of 5% and 7.5% MPCM slurry

At Re = 750, the performance of 5% MPCM and 7.5% MPCM are comparable. However, at Re =
1550, the average PEC of 5% MPCM is 0.93 compared to 0.70 for 7.5% MPCM, indicating a

31.8% decrease in the PEC for the higher concentration of slurry across both configurations of the
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heat exchanger. At Re = 1930, the average PEC of 5% MPCM is 0.86 compared to 0.74 for 7.5%
MPCM, representing a 15.9% decrease in PEC. Additionally, the PEC is only >1 in the case of Re
= 750. For both Re = 1550 and Re = 1930, the PEC is < 1, indicating that water has superior
thermo-hydraulic performance. The heat transfer coefficient for 5% and 7.5% MPCM slurry is
significantly higher than that of water at Re > 1550, however, the difference in the pressure drop
increases exponentially past Re = 750, as shown in Figure 4.3, especially for 7.5% MPCM slurry.
These results show that a low Re is preferred, as it provides a longer residence time for more
complete PCM melting. Though heat dissipation is significantly improved at Re > 750 due to
convection, the pressure drop increases at a rate that outweighs the benefits in heat transfer
performance, resulting in a suboptimal PEC. Additionally, the residence time is reduced, which
means that the particles may not be fully melted, causing heat transfer improvements to be

outweighed by the increase in pressure drop.
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Chapter 5 Conclusions and Recommendations

The investigation in this thesis presents the thermal, rheological, and stability

characterization of MPCS consisting of Nextek 37D and water, along with an evaluation of the use

of this MPCS in a shell-and-tube heat exchanger. The results of the experiment show how the

properties of the MEPCM improve the heat transfer capacity of the working fluid, and thereby the

heat transfer performance within the heat exchanger. The key conclusions from this study are

summarized below:

1.

The experimental study examined the effects of particle mass concentration on the heat

transfer performance of MPCS. For parallel flow, the average heat transfer coefficient for

w
m2K

w

m2K

pure water measured was 1,026 compared to 1,172.4 (14.2% increase) for 5%
w

m2K

MPCM slurry, and 1,248.3 (21.6% increase) for 7.5% MPCM slurry. For counterflow,

w
m2K

the average heat transfer coefficient for pure water was measured as 1,064.9 , compared

w
m2K

w
m2K

to 1,243.0 (16.7% increase) and 1,291.0 (21.2% increase) for 5% and 7.5%

MPCM slurry respectively. Increasing particle mass concentration in the slurry has positive
effects on the heat transfer performance.

Increasing particle concentration in the MPCM slurry leads to an increase in specific heat
capacity of the working fluid when the particles are in the melting range. The average
effective heat capacity of 5% and 7.5% MPCM slurry were 28.7% and 77.6% above the
heat capacity of water. As particle concentration increases, the amount of latent heat that
can be absorbed by the slurry is also greater as the particles melt. This increase in effective

heat capacity results in the heat transfer performance gains compared to the baseline, as the
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maximum heat transfer rate from water increases. Additionally, the effectiveness of the
heat exchanger also increases.

. Increasing particle concentration in MPCS also results in an increase in pressure drop.
Pressure drop across the heat exchanger increased by as much as 125.8% and 321.2% in
5% MPCM and 7.5% MPCM slurry compared to water. The increase in pressure drop can
be attributed to the increase in viscosity as particle concentration becomes higher. On
average, the viscosity of 5% MPCM and 7.5% MPCM slurry was measured to be 30.9%
and 44.5% higher than that of water. The increase in pressure drop results in higher
pumping power requirements.

. At Re > 1550, the PEC of 5% MPCM slurry is greater than the performance enhancement
criterion (PEC) of 7.5% MPCM slurry. Though 7.5% MPCM slurry had significantly
higher heat transfer performance compared to 5% MPCM slurry, the pressure drop and
friction losses were also significant. For this reason, 5% MPCM has superior thermo-
hydraulic performance.

This study has established the benefit of using MPCM-water slurry in a shell-and-tube heat
exchanger. Future development of this study could focus on the addition of other hot-side
inlet temperatures to determine the effectiveness of MPCM slurry in various operating
regimes. Furthermore, the use of MPCM with other heat exchanger geometries and base
fluids, such as microchannels and dielectric fluids could provide insight on the usefulness

of MPCM more specifically to electronics thermal management applications.
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