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Abstract

A microencapsulated PCM (Phase Change Material) slurry with three different PCM mass
fractions (14, 20 and 30%) has been analyzed. The present study investigates the influence of
the PCM microcapsule mass fraction on the thermal and rheological characterization.
Specifically, the Enthalpy-Temperature curves, the Thermal Conductivity-Temperature curves
and the Viscosity-Shear rate curves have been determined. In addition, the physical stability
under thermo-mechanical cycles has also been studied, as well as the heat transfer
phenomenon and the fluid mechanics. The results have shown an enhancement in the heat
transfer phenomenon, the slurry with 20% PCM microcapsules being the best option for use as
a heat transfer fluid. Rupture of the PCM microcapsules was only observed for the slurry with
30% PCM microcapsules, after being pumped during three weeks and having experienced

10000 solidification-melting cycles.

Keywords: Microencapsulated PCM slurry, Convective heat transfer, Thermal Energy Storage,

Thermophysical properties, Rheological properties, Physical stability

Nomenclature

Bi biot number

f fraction of heat losses

h enthalpy (kJ/kg)

G’ elastic module (Pa)

G” loss module (Pa)

I current (A)

k multiplier fitting coefficient (s)

m exponent fitting coefficient (-)
m mass flow rate (kg/s)

Q heating power absorbed or transported by the fluid (W)

T temperature (°C)

W pumping power (W)
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AU voltage (V)

1-D one dimensional

Greek symbols

a convective heat transfer coefficient (W/(m?2-K))

\.(shear rate (1/s)

n energy ratio

U steady shear viscosity (Pa-s)

Subscripts

in inlet of the heat transfer section
m1 melting beginning

m2 melting complete

out outlet of the heat transfer section
0 low shear rates

« high shear rates

Abbreviation

COP Coefficient of Performance

mPCM Microencapsulated Phase Change Material
PCM Phase Change Material

RTO Operation Temperatures Range

1. Introduction

Thermal energy storage based on the use of solid-liquid phase change of materials (PCM) is of
increasing practical interest. Such interest is motivated by the considerable thermal energy
storage density per unit volume of PCM materials in a reduced temperature range, and also by
the constant incorporation of new materials with very different properties and phase change

temperature intervals. The interest in phase change materials is evident when considering
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thermal energy storage systems with PCM which have been developed for different applications

[].

Recently, a new technique has been proposed for the use of phase change materials in thermal
storage systems, heat exchangers and thermal control systems. This new technique consists of
forming a two-phase fluid by combining a fluid such as water and a phase change material such
as paraffin, resulting in a latent heat storage fluid. Inaba [2] has classified thermal fluids,
describing their main characteristics and applications. These latent thermal fluids include the
following five types: 1) ice slurries; 2) phase change material microemulsions; 3)
microencapsulated PCM slurries; 4) clathrate hydrate PCM slurries and 5) shape-stabilized
PCM slurries (ssPCM slurries). The present experimental study is focused on

microencapsulated PCM slurries.

These new fluids offer many advantages and can be used either as thermal storage materials or
heat transfer fluids [3] due to 1) their high storage capacity during phase change, 2) the
possibility of using the same medium either to transport or to store energy, as these slurries are
pumpable (thus reducing heat transfer losses), 3) heat transfer at an approximately constant
temperature, 4) a high heat transfer rate due to the elevated ratio surface/volume, 5) lower
pumping power, as a consequence of the reduction in mass flow due to the higher heat
capacity, and 6) a better heat exchange than conventional heat transfer fluids, due to the
decrease in fluid temperature as a consequence of the higher heat capacity. Furthermore, these
novel fluids have a more advantageous thermal energy storage density than conventional
systems of sensible heat storage in water, and can compete with macroencapsulated PCM
tanks. Besides, the response time may be shorter using these PCM emulsions or mPCM
slurries as storage material than with macroencapsulated PCM. The tanks will be simpler as

there is no need to macroencapsulate, and conventional tanks can be used.

Huang et al. [4] listed the recommendable properties for a PCM slurry utilized in cold storage
and distribution systems. Specifically, the phase transformation range should match the
designed operating temperature range. There should be an absence of subcooling, a narrow

phase temperature range, a high heat transfer rate, and a low pressure drop in pumping
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systems. Besides, the slurry should be stable during long-term storage and have reversible

freezing/melting cycles under thermal-mechanical loads.

Among the different applications that appear on literature, it is found the utilization of these PCM
slurries as thermal storage materials and heat transfer fluids in chilled ceiling [5-6]. In the first
work, their authors present the simulation results of a combined system of chilled ceiling and
storage tank with a PCM slurry. This PCM slurry was cooled and stored in the tank during the
night, which resulted in electricity peak shaving, taking advantage of the nocturnal tariff and of a
higher COP of the machine due to operation during lower environmental temperatures. During
working hours, the PCM slurry flowed from the tank to the chilled ceiling, melting the PCM and
releasing the latent heat. In the work of Griffiths and Eames, they quantified the reduction of the
mass flow flowing through a chilled ceiling in a room when working with a PCM slurry. The mass
flow is reduced from 0.7 L/s down to 0.25 L/s. Furthermore it could absorb energy at a constant
temperature, avoiding increments in the panel surface temperature when internal gains
increased. Another well-known application was carried out at the Narita Airport in Tokyo by
Shibutani [7]. The change of refrigerants duet to environmental reasons resulted in lower
cooling power and the chiller was non-capable to absorb the demand peaks at specific times of
the day. This problem was solved through the installation of a tank filled with a PCM slurry.
Pollerber and Détsch [8] also proposed the use of PCM emulsions for cooling supply networks,
allowing for the reduction of the pumping power and pipe dimensions, with lower operation and

investment costs.

Although there are numerous advantages in the use of PCM slurries, there is a lack of technical
experience. The main issues encountered when using a thermal storage material are
subcooling and the unstable processes presented by slurries. When using heat transfer fluids, a
higher heat transfer rate compared to water is of interest but existing studies have not obtained

clear conclusions.

Delgado et al. [9] presented a review of the different parameters influencing the objective
magnitudes in PCM slurries. Specifically, the different effects that the mass fraction has on the
heat transfer phenomenon are listed in a table. From this compilation, it was concluded that

increasing the PCM mass fraction in suspension had two opposite effects. On the one hand,
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this increase means a decrease in the Stefan number and therefore an improvement in the
convective heat transfer coefficient. On the other hand, the increase also means an increase in
the viscosity and a decrease in the thermal conductivity, resulting in a worse heat transfer

phenomenon.

A previous work by the present authors described an experimental installation for studying the
heat transfer phenomenon and fluid mechanics [10]. In this installation, a PCM slurry with a
10% PCM microcapsule mass fraction was analyzed, pending the analysis of the influence of
higher PCM microcapsule mass fractions on the heat transfer and on the flow characteristics.
The present study aims to complete this previous work and to include thermophysical and
rheological characterization. The paper compiles and analyzes the results of heat transfer and
fluid mechanics from a detailed methodology for a mPCM slurry with three different PCM
microcapsule mass fractions: 14%, 20% and 30%, to analyze wich PCM microcapsule mass
fraction is suitable to be used as heat transfer fluid. The thermophysical and rheological
properties have been obtained and the measurement methodology in the case of working with
PCM slurries described thoroughly. This characterization has allowed to understand the heat
transfer process. Physical stability has also been analyzed. Table 1 compiles the different
characteristics investigated in this paper, together with the experimental devices used for their

characterization.

2. Materials and properties

The studied mPCM slurry consists of microcapsules of paraffin coated by a polymer and
dispersed in water through detergents. The mass fraction of the PCM microcapsules in the
three mPCM slurries is 14%, 20% and 30%, respectively. The particle size distribution is
approximately 1-20 um according to the manufacturer’s data. This mPCM slurry has been

purchased in the commercial market.

2.1 Enthalpy-temperature curves

The phase change temperature range and the phase change enthalpy as a function of the
temperature were obtained using the T-history method [11-13]. When a material is

characterized, the sample must be representative of the material in question. In this case, the
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PCM slurry is composed of different substances. The volume of the sample should be at least a
few cm3 or more if possible [13] to ensure that it has the correct chemical and physical
composition representative of the bulk material. For this reason, an installation using the T-
history method was used to determine the Enthalpy-temperature curve during the phase change
of the mPCM slurry. This method is based on comparing the temperature evolution of the PCM
and a reference substance during cooling and heating against the ambient temperature of a
chamber. This reference substance should be a substance with well-known thermal properties.

The basic aspects of this methodology are:

e 1-D heat transfer in radial direction (samples contained in cylindrical containers)

e The systems formed by the container and the water (this is the reference substance)
and the PCM respectively are lumped capacitance systems. The temperature of the
substance and of the tube is uniform at all times (Bi<<1)

e Heat transfer from the containers of PCM and of the reference substance to the
chamber air takes place by natural convection.

In this manner, the methodology proposed by Zhang et al. [11] consists of recording the
ambient temperature and the temperature of the sample and of the reference substance,
contained in identical containers. Once obtained the Temperature-Time curves of both
substances, these data can be processed to estimate the Enthalpy-Temperature curves. Figure
1 shows the Enthalpy-Temperature curve for the melting and solidification of the mPCM slurries,
obtained by the T-history method. The phase change temperature range of the mPCM slurry in
the three cases was approximately 21-24°C and the phase change enthalpy for this range was
15.3 kJ/kg, 21.1 kd/kg and 28 kJ/kg for the 14%, 20% and 30% mPCM slurry, respectively. The
phase change enthalpy is especially low in the slurry with a 14% mass fraction, since there is
only a 14% PCM microcapasules. The remaining 86% would be formed by water and other
substances. Furthermore each microcapsule is formed by the phase change material and by the
polymeric shell, reducing the effective fraction of PCM in suspension. It is not available the core
fraction for this material, however it is known that the core usually constitutes between 20 and
95% of the total mass [9]. For this reason, the phase change enthalpy is quite low with very low

PCM microcapsule mass fractions and a sharp rise in the enthalpy is not noticeable, due to the
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low content of PCM in the compound. Hysteresis and subcooling phenomena were not
observed when comparing the solidification and melting curves.

2.2 Thermal conductivity-temperature curves

Thermal diffusivity measurements have been made with a Laser Flash device from Netzsch,
model LFA 457 MicroFlash. The Laser Flash method was initially designed for measurements in
solids, where the thickness of the sample is known, standards are not necessary and the
property is measured in the transient response. This method is indirect, since the thermal
conductivity property is obtained from the measurement of other properties, in this case the

thermal diffusivity, the density and heat capacity values.

The density measurements have been obtained from the measurement of the sample mass
using a Mettler Toledo precision balance (accuracy 1 mg) and from the volume measurement of
the sample in a calibrated test-tube of 10 mL at room temperature (standard deviation: 0,021
mL). This value has been taken as a constant value in the temperature range of the test. For the
heat capacity measurement, a differential scanning calorimeter (DSC) from Netzsch, model

DSC 200 F3 Maia, has been used, with an accuracy of 1% in the heat capacity measurement.

For obtaining the thermal diffusivity, one of the sample surfaces was heated in a homogeneous
manner using a laser pulse, where the voltage and transmission filter were controlled. Using this
method, the heat absorbed in the surface is transferred through the sample and an increase in
temperature is produced in the rear surface. This increase is measured over time from a liquid
nitrogen-cooled InSb photocell. A mathematical model describes the temperature rise versus

time signal, and this was fitted to the experimental data using a non-linear regression algorithm.

Few studies can be found in the literature that measure liquids with the Laser Flash method [14-
16], and only one involves a PCM changing its phase, specifically NaNO3 [17] .To measure the
thermal diffusivity in liquids, a special sample holder is necessary to contain the mPCM slurries.
The sample is introduced between two layers of a material whose properties are well-known.
The thickness and distances between the two layers are also perfectly known. In this way, the
material can be evaluated as a three-layer compound, where the unknown factor is the

intermediate layer.
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The presence of the sample holder for liquids may disturb the process of heat conduction during
the transient heating of the sample. Coquard and Panel [16] analyzed the influence of different
parameters or phenomena on the results of the liquids. These authors considered that all the
materials of the sample holder were opaque to the infrared radiative heat. They ignored the
natural convection in the samples, considering the heat transfer purely conductive. They also
assumed the heat transfer of the external surfaces with the environment occurred by convection
and radiation. Consequently, the total external heat transfer was considered as an only

coefficient h.

To estimate the uncertainty, Coquard and Panel made a review of the parameters that may
cause errors. They concluded that the correct determination of the sample thickness and a
rigorous filling up of the sample holder were key parameters. An air fraction in the sample of
about 1.25% meant errors up to 15.4%, since this air layer would work as a thermal barrier.
They also observed that infrared radiation could not propagate in water. Thus the hypothesis of
no radiative exchange did not mean an error when measurements were made in materials with

a sufficient amount of water.

The sample holder for liquids supplied by Netzsch is made of Pt90Rh10, whose thermal
conductivity is 38 W/(m-K). This is a very high value compared to the thermal conductivity of the
liquids to be measured (in the range from 0.15 to 0.6 W/(m-K)). However, the sample holder
from Netzsch provides a side space between the base and the lid. The thermal resistance of
this air space is higher than the thermal resistance of the liquid to be measured, minimizing the
heat transfer through the sample holder. The same phenomenon occurs with the upper contact.
However, given that the joint is not under pressure, the thermal resistance is higher than the
thermal resistance of the fluid. It can be said that the influence of the sample holder on the

results has been minimized.

Additionally, the empty sample holder has been tested and the response was compared to the
response with the sample holder filled with water. A comparison of the results of both tests is
shown in figure 2. The response is much longer when the sample holder is empty. When
selecting the time range for the software to make the calculation, it is important that the data

acquisition time should be short to avoid the contribution of the sample holder.
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Regarding the measurement of the thermal diffusivity during the phase change from solid to
liquid, since this is a transient method there may be great changes in the thermal properties
during the phase change. However, the mathematical model considers constant properties. It

was thus decided to make the measurements in the single-phase states, solid and liquid.

There are few standards for liquids in comparison to solids. Therefore, three different liquids
were measured prior to the tests whose thermal diffusivity or conductivity is known: distilled
water, hexadecane and glycerin. These liquids have thermal diffusivity values within the range

of mPCM slurries for the temperature ranges of the application of these fluids.

To measure solid samples with the Laser Flash equipment, a vacuum was first created and then
an inert atmosphere of N2. However, when this procedure was carried out for liquids, the
vacuum and the pressure reduction in the equipment chamber caused the water to evaporate
when reaching the vapor pressure. This was checked by weighing the sample before and after
the vacuum. Finally, the vacuum was omitted and a longer time was given for the creation of the

N2 atmosphere.

The external surfaces of the sample holder were coated with graphite to increase the amount of
energy absorbed and to guarantee that all the parts of the sample had the same absorption.
The temperature of the front surface can reach very high values, so it is important to know the
upper limit of this temperature to avoid transition phases of the tested material. In the case of

water, it is necessary to avoid evaporation.

From the previous study by Coquard and Panel [16], it was known that a complete filling up of
the sample holder was crucial, as well as the correct determination of the thickness of the liquid
sample. The sample thickness was obtained from the measurements of the thickness of the
sample holder executed by a caliber. In order to guarantee the complete filling up of the sample
holder, the volume of the liquid sample holder was calculated from the geometrical data and the

amount of sample was controlled by a micropipette.

Taking all these considerations into account, thermal conductivity values were obtained for the
three liquids tested: water, hexadecane and glycerin. The values are shown in figure 3. These

values are the average value of five pulses executed both for thermal diffusivity and
10
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temperature, together the standard deviation of these measurements. In the case of distilled
water, the results show a maximum error of 7.87% and for hexadecane 4.31%. In the case of
glycerin, higher errors were obtained, up to 15.38%. The reference values for water,
hexadecane and glycerin were taken from the following references, respectively [18-20].
Although due to the graph scale is not very perceptible, these obtained values show an

increasing monotonous variation with temperature.

The thermal diffusivity values were obtained from the three layer model provided by the
equipment software. Figure 4 shows the thermal conductivity values for the mPCM slurries with
PCM microcapsule mass fractions of 14%, 20% and 30%. The measurements taken at 20°C are
not considered very reliable, since even a very small increase in the temperature due to the
laser pulse will cause the heat capacity to change abruptly (phase change region between 20
and 24°C) and this methodology may be not valid given that the heat capacity is considered
constant in the calculation. So if the attention is paid to the values at 25 and at 30°C, it can be
observed that thermal conductivity of PCM slurries increases slightly when temperature rises. It
must be pointed out that the increase of the PCM microcapsule mass fraction entails a
decrease of the thermal conductivity. This behavior was expected, as the thermal conductivity of
paraffin is lower than of the water. Specifically the slurry for the PCM microcapsule mass
fraction of 14, 20 and 30% have experienced a 24, 32 and 39% reduction in comparison to

water respectively at a temperature of 30°C.

2.3 Rheological characterization

To complete the present study, the Viscosity-Shear rate curves have been obtained with a
control stress rheometer from TA Instruments, model AR-G2. There are several works in the
literature where Viscosity-Shear rate curves are presented. However, the authors do not

describe in great detail the procedure used to obtain them.

In this work, rotational tests have been carried out. These tests entail applying a torque (or
stress) and measuring the strain, in order to obtain viscosity values. The Viscosity-Shear rate
curves have been obtained through a shear sweep from 0.001 to 1000 s-'. For this purpose, a

stress is applied to the sample. The measurement of viscosity is carried out when the material

11
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has reached the state of steady flow. The stress is increased logarithmically and the process is
repeated, providing the flow viscosity curve. For the definition of the steady flow state, a
condition has been proposed that the variation of the stress for three consecutive points should
be lower than 5%. When this condition is reached, it is considered that the steady flow state has

been reached.

In the works found in the literature describing part of the measurement procedure, a cone tends
to be used as the geometry [21-22]. However, in this case a stainless steel plate of 40 mm has
been chosen because of the size of the PCM microcapsules in suspension. These PCM
microcapsules have a diameter range from 1 to 20 ym, according to the manufacturer’s data. It
is important that in the rotational tests, the particles can flow without any problem. A gap (or the
truncated gap in cones) must be 10 times higher than the size of the particles in suspension.
For this reason the plate was chosen, where the gap can be controlled. In the rotational tests
with the plate, there is no constant shear rate along the radius of the geometry (unlike the

cone). Therefore, a correction (included in the software of the rheometer) must be applied.

It must be mentioned that this geometry allows the use of the “solvent trap” accessory. With this
accessory, a saturated atmosphere of humidity is created, avoiding the drying of the sample.
For the temperature control of the sample, a Peltier plate was used. The Peltier plate
guarantees that the plate is at the set temperature. If the set temperature is much higher or
much lower than the room temperature, temperature gradients in the sample will be able to take
place. In this case, the Peltier plate is considered the appropriate temperature controller, since
the temperatures of the test are temperatures close to the room temperature, and because the

“solvent trap” accessory can be used with this configuration.

Before obtaining the viscosity measurements, a time sweep (oscillatory test) was done to study
the possible drying of the sample, and to determine in this way the maximum time of the tests
(to avoid this phenomenon and to avoid the obtaining of incorrect measurements). In the time
sweep, the elastic (G’) and the loss (G”) components of the mPCM slurry are measured over
time for a set frequency and strain (within the viscoelastic region). The fact that the sample dries
would cause an increase in the elastic component (G’) and an increase in the loss component

(G”), as the resulting sample would have a higher PCM mass fraction as the water evaporates.
12
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The time sweep was done without the solvent trap (without a water-saturated atmosphere). As
the slurries are complex fluids, a pre-shear of 100 1/s was carried out for 1 minute in order to
completely destroy the structure of the sample. In this way, if during loading the sample
structure is partially broken, the sample would be completely broken. It was observed that to
recover the structure required at least 600 seconds and that from 1200 seconds the sample
starts to evaporate. This time (1200-600=600 seconds) is insufficient to carry out the test. When
the geometry rose, it was observed that the sample was dried at the edges. The visual results
agreed with the results obtained with the rheometer. For this reason, the use of the solvent trap

with water was necessary.

Regarding the Viscosity-Shear rate curves at 27°C shown in figure 5, the curves for the slurries
with 14% and 20% PCM microcapsule mass fractions are very similar to each other. The slurry
with a 14% PCM microcapsule mass fraction has a viscosity approximately 5 times higher than
water, the 20% slurry 6 times higher and the 30% slurry 18 times higher. It is observed that
when increasing the shear rate, the viscosity decreases down to the Newtonian plateau, where
the viscosity remains constant. This shear-thinning behaviour has also been found in the
majority of the works in this field found in the literature [21-24]. Other works show a Newtonian
behaviour when working with PCM concentrations lower than 25% [25-26]. This shear thinning
behaviour can be explained through the spatial layout of the microcapsules in suspension.
When a slurry is stable and at rest, the particles are dispersed randomly in the continuous
phase. When the slurry is sheared, there is no cooperative motion between the microcapsules
so that these microcapsules move in the flow direction and therefore the viscosity is high.
However, when the slurry is sheared at high shear rates, the microcapsules start to move from
their random layout to a situation where they start to form layers. In this way, the average
distance between microcapsules decreases in the flow direction and increases in the direction
perpendicular to the flow. This change of the spatial layout makes the motion is much easier

and decreases the viscosity [27].

It is also observed for the slurry with 14% and 20% PCM microcapsule mass fractions that the

flow curve starts to increase at approximately 200 s-'. Rotational tests with liquids of very low
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viscosity at very high shear rates may cause secondary flows, increasing the apparent viscosity

[27].

The “Best Viscosity-Shear rate” tool of the rheometer software was used, which provided the
behaviour equation that relates the viscosity to the shear rate that best fits with the measured
values. The equation that best predicts the shape of the flow curve for the three mPCM slurries

is the Carreau model [28]. This model is defined according to Equation 1:

ods 1 (1)
Homle(t (ky )2

where po and p,, refer to the asymptotic values of viscosity at very low and very high shear rates

respectively, k is a constant parameter with the dimension of time and m is a dimensionless

constant. Table 2 shows the values of these parameters.
3. Pressure drop and heat transfer analysis

To study both flow and heat transfer characteristics of these mPCM slurries (basically to
measure the convective heat transfer under constant heat flux and the pressure drop flowing
through a circular tube), a flow loop was designed and built. This installation appears in figure 6
with the label of each device. In order to obtain these convective coefficients, it is necessary to
record the heat flux absorbed by the heat transfer section of the figure, the fluid temperature
and the wall temperature at several locations along this tube. This experimental setup consists
of a thermostatic bath where the mPCM slurry is prepared to the set temperature and pumped
to the flow loop. The mass flow is controlled and measured respectively by control valves and
by a Coriolis flow meter. In the heat transfer section, heating wires supply uniformly-distributed

heat flux. Finally, the mPCM slurry returns to the thermostatic bath for cooling.

The heat transfer section consists of a 10 mm copper tube, 1.82 m in length. Eleven type T
thermocouples measure the wall temperature along the circular tube and two Pt100 sensors
measure the fluid temperature at the inlet and at the outlet of the heat transfer section. The
temperatures of the fluid along the tube were calculated. Ten isolated nichrome wires,
connected in parallel, were coiled around the copper tube to heat the section. These heating

14
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wires were connected to the 230 V AC power supply through a phase angle electronic regulator,
which allows the heating power provided to the heat transfer section to be varied. The maximum
heating power was 3600 W. The heat flux provided to the heat transfer section must guarantee
complete phase change of the dispersed PCM, so that the difference between the inlet and the
outlet temperatures is noticeable and higher than the Pt100 uncertainty. The current and the
voltage were measured by an ammeter and a voltmeter, respectively. Heat losses were
minimal, approximately 3%, and therefore the heat transfer section was not thermally isolated.
The heat losses were taken into account during data processing. A pressure differential
transducer measures the pressure drop in the heat transfer section. All measured data were
recorded by a HP-34970A Data Logger. The error introduced by the datalogger is negligible

with regard to the other measurement devices.

A previous article of the authors gives more specific details of the devices about the main
characteristic of the equipments and their measurement range [10]. This work also explains the
validation process of the experimental setup. This validation was accomplished by testing the
setup with water and comparing the results with theoretical values. Pressure drop, heat flux and
wall temperature measurements were successfully validated. Some differences were observed
between the experimental wall temperatures and those obtained by the analytical solution. In
these cases, an empirical correction model was established. This empirical model of correction
corrects such deviations, obtaining in this way an average error in the measurement of the wall
temperature of 0.24°C. In this manner, the uncertainty in the measurement of the internal forced
convective coefficient from the experimental installation (taking into account that it will be
different for each local position and that it will depend on the measurement conditions, is around

5-10%.

3.1 First measurements

Prior to the flow and heat transfer tests, the energy balance must be verified to guarantee that
microcapsules do not adhere to any part of the experimental installation, since non-stable and
non-homogeneous mMPCM slurries can increase the danger of obstruction [29]. When
calculating the energy balance (Equation 2), thermal equilibrium between the microcapsules

and water is assumed.
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(1-£):AU1 = m-(h[ Ty ] - [T, ]) (2)

The verification tests were performed for different mass flows and heat fluxes. Figure 7 shows
the Enthalpy-Temperature curve obtained through the energy balance equation (along with its
fitting to a sigmoid curve) and its comparison with the Enthalpy-Temperature curve previously
obtained with the T-history installation. If the curves for the three PCM microcapsule mass
fractions are compared to their respective h-T curves obtained with the T-history installation, it
can be observed that the curve for the 30% PCM microcapsule mass fraction moves slightly
towards higher temperatures. In addition, this phenomenon is accentuated when increasing the
mass flow. On the other hand, for the 14% PCM microcapsule mass fraction, the curve is
displaced towards lower temperatures in comparison to the curve obtained with the T-history
installation. For the 20% PCM microcapsule mass fraction, both curves are almost the same.

Three possible causes are suggested for these differences.

Firstly, in view of the curve for the 30% PCM microcapsule mass fraction, it was thought that a
fraction of the microcapsules was deposited in different components of the installation, since
according to the curve obtained in the experimental installation, the enthalpy was lower for the
same fluid temperature. In order to check this hypothesis, the components more susceptible to
deposition were dismantled. However, no deposition was observed either in the elbows or in the
valves. Having dismissed this conjecture, it was considered that the differences could arise from
the experimental installation itself (possibly inappropriate for determining the h-T curves). The
slurry temperature for each section shows a temperature profile and according to this
methodology an average temperature values is taken. These differences could also arise from
the hypothesis that the thermal equilibrium between the PCM microcapsules and the water was
incorrect, since there might be a heat transfer process between the PCM particles and the
water. Regarding this last approach, Diaconu [30] studied numerically this heat transfer
phenomenon between PCM microcapsules and water. In his results, he observed that the water
temperature and the microcapsule temperature were very close each other, due to the high
surface of heat exchange. The bigger differences appeared during melting and solidification,
causing a hysteresis phenomenon. This hysteresis was influenced by the capsule diameter and

by the heat transfer coefficient between the PCM capsules and the water.
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3.2 Evaluation as a thermal storage and heat transfer fluid compared to water

As in the previous study [10], the evaluation of the PCM slurry with different PCM microcapsule
mass fractions began with the measurement of the pressure drop in the heat transfer section.
Figure 8 shows that when the PCM microcapsule mass fraction is increased to 30%, the
pressure drop increases significantly, whereas an increase in the PCM microcapsule mass
fraction from 14% to 20% hardly had any appreciable effect on the pressure drop. These results
correspond with the previous viscosity measurements. The slurry with a 14% PCM
microcapsule mass fraction and the slurry with a 20% PCM microcapsule mass fraction showed
a similar viscosity, while the viscosity of the slurry with a 30% PCM microcapsule mass fraction
was three times higher. From these pressure drop values and the phase change enthalpy, the
transported Thermal Energy vs. Pumping power compared to water could be evaluated. The

following energy ratio of improvement was defined (Equation 3) for this comparison:

QmPCMsIurry

WmPCMslurry
n="—"—== (3)

Qwater

.
W water

Figure 9 shows this ratio obtained for different average fluid velocities while figure 10 shows the
Pumping power vs. Transported thermal energy ratio. It can be seen in figure 9 that if the PCM
microcapsule mass fraction is increased from 14 to 20%, the velocity from which the energy
ratio of improvement is equal to 1 decreases. In contrast, increasing the PCM microcapsule
mass fraction to 30% led to in an increase in this velocity, a consequence of the sharp increase
in the pressure drop observed in figure 8. In this case, for velocities lower than 1 m/s the
negative effect of the increase in the viscosity with the mass fraction is greater than the
improvement of the thermal energy that can be transported in comparison to water for the same
velocity. In figure 10, it is observed that for the same transported thermal energy, the pumping

power decreases in comparison to water.

To analyze the heat transfer characteristics, the mass flow and the heating power of the heat

transfer section were varied and the wall temperatures were measured. The tests were carried
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out under the boundary condition of constant heat flux, the heat transfer section was a fully
hydrodynamic developed section and the flow was laminar, with mass flows from 20 to 50 kg/h.
The correction model was applied to the measured wall temperatures, and these values were
then compared to the calculated values for the case of water (obtained through Kays correlation
[31]). Dependence of the mass flow and the operation temperature range on the decrease in the
wall temperature was also studied. As in the previous paper, the same parameter, “operation
temperature range” was defined for the analysis, according to Equation 4. This parameter
shows if the phase change is in accordance with the heat transfer section. A parameter equal to
1 would mean that the mPCM slurry starts melting just as it enters the heat transfer section, and
leaves the heat transfer section only when the PCM microcapsules are completely melted. A
parameter under 1 would mean that the PCM microcapsules did not completely melt in the heat
transfer section, and a parameter above 1 means that both liquid and phase change regions
coexist in the heat transfer section. The parameter was defined taking into account the phase

change and liquid regions, attributing in this way different phenomena to each region.

h[Tout] - h[Tm1] (4)

Operation temperatures range [RTO]=
h[Tinz]-h[Tp]
From the measurement of the wall temperature, the convective coefficients were obtained for
the laminar region. The results showed a significant decrease in the wall temperature compared
to water for the three different PCM microcapsule mass fractions, resulting in a better cooling
performance. This decrease in the wall temperature was higher when the “operation
temperature range” was higher. In the case of the heat transfer coefficients by convection, the
ax-x curve for the slurry with PCM microcapsule mass fractions of 14 and 30% for the mass flow
of 50 kg/h was very close to the curve for water. The slurry with a mass fraction of 20% showed
better results. In spite of there being almost no improvement in the convective heat transfer
coefficient for the mass fractions of 14% and 30%, the wall temperature is lower in comparison

to water due to the decrease in the temperature of the mPCM slurry, as a consequence of its

higher heat capacity.

The tests were planned so that the RTO tested for the slurry with the 30% PCM microcapsule

mass fraction was the same as that for the tests with the slurries with 14% and 20% PCM
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microcapsule mass fractions (RTO=0.75 and RTO=1.1), always calculated according to the
Enthalpy-Temperature curve obtained with the T-history installation. However, in the analysis of
the test results the phenomenon explained in section 3.1 was observed. The h-T curve obtained
from the energy balance was displaced for the slurry with the 30% PCM microcapsule mass
fraction. In this way, the outlet temperature of the fluid was determined with the RTO value, the
inlet temperature of the fluid and the values of enthalpy from the T-history curves. The heat flux
was controlled to reach this outlet temperature. In this manner the RTO parameter took the
values 0.68 and 0.89 when calculated from the h-T curves obtained through the energy balance
(whereas for the slurry with 14% and 20% PCM microcapsule mass fraction, the RTO was 0.75

and 1.1). In other words, the phase change was not completed in either of the two tests.

Figures 11 and 12 show the average decrease in the wall temperature (in Celsius scale) and
the average increase in the convective heat transfer coefficient with regard to the water for the

three PCM microcapsule mass fractions of 14%, 20% and 30%.

It can be observed that when increasing the PCM microcapsule mass fraction up to 30%, the
decrease in the wall temperature and the increase in the convective heat transfer coefficient are
lower than for the slurry with the 20% PCM microcapsule mass fraction but slightly higher than
that with the 14% PCM microcapsule mass fraction. The decrease in the wall temperature for
the 30% mass fraction compared to the 20% mass fraction is around 10% for the mass flow of
20 kg/h and around 38% for the mass flow of 50 kg/h. This decrease may be lower than that
with the 20% PCM microcapsule mass fraction because the RTO parameter for this case is

slightly lower, as a consequence of the h-T curve being slightly displaced with the temperature.

As mentioned in the previous paper [10], it is observed that when the “operation temperature
range” parameter fits with the phase change temperatures (RTO=1 or higher), the higher is the
decrease in the wall temperature. It is also observed in this case that higher mass flow or higher
velocities lead to a lesser improvement in the convective heat transfer coefficient. This can be
explained by the patterns of the thermally developing flow. At higher mass flow rates, the length
of the thermally developing region is greater. This means that for a given position, the fraction of
melted PCM microcapsules in that section is lower, resulting in a worse heat transfer from the

wall to the core region. This phenomenon would also occur at higher PCM mass fractions.
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The decrease in the improvement of the heat transfer coefficient by convection when the PCM
microcapsule mass fraction increases from 20 to 30% is around 30% for the mass flow of 20
kg/h, and around 70% for the mass flow of 50 kg/h. This reduction may also be due to the
noticeable viscosity increase, as observed in figure 5, decreasing the degree of turbulence and
therefore worsening the heat transfer phenomenon. Another cause could be the lower effective
phase change enthalpy, since the h-T curve is displaced and the phase change is not
completed. The decrease in thermal conductivity deteriorates the heat transfer to the core
region of the flow. In this case the decrease in the thermal conductivity when the PCM
microcapsule mass fraction increases from 20 to 30% is around 10%, and around 40% lower

than water.

In view of these results, it can be stated that the slurry with a 20% PCM microcapsule mass
fraction is the most effective slurry regarding the heat transfer by convection, and taking into
account that for the slurry with a 30% PCM microcapsule mass fraction, a lower fraction of PCM

was melted.

4. Physical stability

During the tests with the slurry with a 30% PCM microcapsule mass fraction, the thermostatic
bath and pump were turned off during one day, stopping the flow of the slurry through the

installation loop. Without agitation, the PCM microcapsules in suspension separated from the
water and caused the clogging of one of the balanced valves. These samples were analyzed

with a microscope.

To study a possible rupture of the PCM microcapsules in suspension, samples of the slurries
were observed with a Philips XL30 environmental SEM (Scanning Electronic Microscope) after
being thermally cycled (melting and solidification cycles) and pumped. Preparation of the
sample is unnecessary for environmental SEMs and samples with water content can be
observed. This is possible because with the environmental SEM, there is a gas in the chamber
of the sample enabling the examination of samples which would be difficult to observe in a
conventional SEM for different reasons (for example, they are not conductive, they are not

compatible with the high vacuum of a conventional SEM, or they need difficult preparation
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steps). When the gas present in the chamber is water vapour, then wet samples can be
observed, even samples in solutions without the necessity of previous preparation. In addition to
saving time and preparation material, the use of other devices, that may give a non-real

observation of the sample, is not necessary.

Figure 13 shows a sample of the non-thermal-mechanical cycled slurry. The shape of the
microcapsules is spherical, although certain cavities can be observed on the surface. The
sample with a 30% PCM microcapsule mass fraction after undergoing thermal and mechanical
cycles in the experimental installation during three weeks (having experienced approximately
10000 solidification-melting cycles) is shown in figure 14. The joins between the PCM
microcapsules can be seen. To dismiss a possible optical effect resulting from the opacity of
water to electrons, the sample was dehydrated during the observation, decreasing the pressure
in the microscope chamber. Even with a pressure of 2 Torr, the effect appeared. Therefore, the
fact that the microcapsules join each other as a consequence of their possible rupture can be
confirmed. The sample with a 20% PCM microcapsule mass fraction but having undergone
thermal-mechanical cycles during two weeks was also observed (having experienced
approximately 7000 solidification-melting cycles). Its image was very similar to the non-cycled
sample shown in figure 13. In this case, the microcapsules had not broken. It is possible that in
the case of the sample with a 30% PCM microcapsule mass fraction, the rupture and
subsequent joining of microcapsules to each other has caused the Enthalpy-Temperature to be
displaced, because of the higher effective particle diameter. This decreases the heat transfer

area and may cause hysteresis.

At the beginning, this analysis of the possible rupture of the PCM microcapsules was not
considered in the frame of this work, so the number of thermo-mechanical cycles had not been
set and it depended on the period of time of the tests. The best option to establish a correct
comparison between the different samples had been subject to the different slurries at a same
number of cycles. However this microscopy analysis was considered when analyzing the slurry
with 30% PCM microcapsule mass fraction, due to the blockage of the installation. When this
fact happened, the other slurries with lower PCM microcapsule mass fraction had been already
tested. It is expected that with higher PCM microcapsules mass fraction, there is more contact
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and friction among them and the rupture may take place more easily. It is evident that prior to
their use in a specific application, their stability should be studied for the predicted number of

cycles in the useful life of the system.

It is expected that with higher PCM microcapsules mass fraction, easier the rupture as more

contact and friction among them may take place
5. Results compilation

Table 3 shows the results compilation together with the main conclusions and findings of this

work.

6. Conclusions

A PCM slurry with three different mass fractions (14%, 20% and 30%) has been characterized.
Specifically, the Enthalpy-temperatures have been obtained. The methodology for obtaining
measurements of thermal diffusivity using Laser Flash equipment has been fully described. The
geometrical determination of the sample holder and its correct filling are crucial for obtaining
appropriate measurements. In the same manner, the methodology for obtaining the Viscosity-
Shear rate curves using a control stress rheometer has been described. The flow curves for the

three slurries are fitted to the Carreau model.

In the evaluation of the paraffin slurry as a new heat transfer fluid compared to water, it has

been observed that when increasing the mass fraction from 14% to 20%, the velocity from

which the (Qgyyrry/ W sturry ) [(Quater! W water ) ratio is higher than 1 decreases. However, when the

mass fraction was increased to 30%, this velocity rose as the viscosity increased sharply.

With regard to the heat transfer phenomenon, the convective heat transfer coefficient for the
three mass fractions represented an improvement in comparison to water. The slurry with the
20% mass fraction gave the best results, for the conditions of heat flux and velocity analyzed in
the frame of this work. If the attention is paid to the transported thermal energy in relation to the
pumping power, the slurry with 30% PCM microcapsule mass fraction would be the best option.

However the improvement of the slurry with the 30% PCM mass fraction was less than that with
22
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the 20% mass fraction regarding the internal convective heat transfer phenomenon in the
analyzed range, probably as a consequence of an incomplete phase change, an increase in the

viscosity and a decrease in the thermal conductivity.

The slurries were observed with an environmental SEM after the pumping (thermal and
mechanical loads). In the case of the slurry with 30% PCM microcapsules, the rupture of the
microcapsules together with their subsequent joining together was observed after three weeks
of pumping (having experienced approximately 10000 solidification-melting cycles). When the
experimental process was stopped and the slurry was at rest, the same slurry blocked the
control valve. However, the microparticles in the slurry with 20% mass fraction were not
ruptured after having been pumped during two weeks (approximately 7000 solidification-melting

cycles).

It can be concluded that these slurries may be a suitable heat transfer and storage fluid.
However, before any technical application, the obtaining of more resistant microcapsules should
be studied.
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Figure captions

Figure 1. Enthalpy-Temperature curves for the slurries with 14, 20 and 30% PCM microcapsule
mass fraction.

Figure 2. Detector signal of the Laser Flash with the sample holder empty or filled with water.

Figure 3. Values obtained of thermal conductivity of liquids in comparison to the reference
values.

Figure 4. Values obtained of thermal conductivity for the mPCM slurry with PCM microcapsule
mass fractions of 14, 20 and 30%.

Figure 5. Comparison of the Viscosity-Shear rate curves according to the PCM microcapsule
mass fractions in suspension.

Figure 6. Picture of the experimental setup.

Figure 7. Enthalpy-Temperature curves obtained through the Energy Balance to the heat
transfer section.

Figure 8. Pressure drop measurements in the heat transfer section for 14, 20 and 30% PCM
microcapsule mass fractions.

Figure 9. Energy ratio of improvement vs. Fluid average velocity for different PCM
microcapsule mass fractions: 14, 20 and 30%.

Figure 10. Pumping power vs. Transported thermal energy for different PCM microcapsule
mass fractions: 14, 20 and 30%.

Figure 11. Average decrease of the wall temperature in comparison to water according to the
PCM microcapsule mass fraction

Figure 12. Average improvement of the convective heat transfer coefficient in comparison to
water according to the PCM microcapsule mass fraction.

Figure 13. Sample not thermally and mechanically cycled observed with an environmental SEM.
PCM microcapsule mass fraction=30%.

Figure 14. Sample cycled during three weeks (10000 melting-solidification cycles) observed
with an environmental SEM (dehydration proccess). PCM microcapsule mass fraction=30%.

Table captions

Table 1. Compilation table of the characteristics analyzed in the experimental work.
Table 2. Parameters according to the Carreau model [28].

Table 3. Results compilation
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Table 1. Compilation table of the characteristics analyzed in the experimental work.
Characteristic to analyze Equipment / method Section
Enthalpy-Temperature curves T-history method 21
Properties Thermal conductivity-Temperature curves Laser Flash method, DSC 2.2
Viscosity-Shear rate curves Control stress rheometer 23
Fluid mechanics Pressure drop Expgrimental installation 3.2
built for that purpose
Heat transfer Heat transfer (forced convective heat transfer) Expe_nmental installation 3.2
built for that purpose
Phys.lc.:al Physical stability under thermo-mechanical loads Environmental SEM 4
stability
776
Table 2. Parameters according to the Carreau model [22].
PCM microcapsules
- Pa-s - (Pa-s k(s m
concentration no (Pa:s)  n. (Pa-s) (s)
14% 13.80 4.89-10°  288.80 1.02
20% 10.88 6.45-10%  315.40 1.06
30% 6.45 18.32:10°%  82.05 1.03
777
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