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Figure 3.1 (a): Schematic diagram of the experimental setup

Figure 3.1 (b): Photograph of the experimental setup. The U-tube heat source is
shown inside the PCM chamber

82



83

U-shaped rubber
gaskets (2 places)

HTF tube

U-shaped
acrylic plate

Back wall
(black acrylic
plate)

G
Front wal/ !

(glass)
(a)
Air inlet l ﬁ Air exit
TC inlet —o q\ TC exit
v
X
¥ - Thermocouple
—  (To)
o
o /’ PCM domain
H
(100 ° TC (Tube
mm) /*’ surface)
o Chamber
— wall (Acrylic)
o
i
25 mm
—— L (100 mm) ———— —— 25mm

(b)

Figure 3.2: Schematic of the PCM chamber, (a) Isometric view, (b) Schematic
diagram, Front wall- 5 mm plain glass sheet (150mm x125mm), Main chamber- U-
shaped 8 mm thick acrylic plate, back wall-5 mm thick acrylic sheet (150mm
x125mm), two 2 mm thick U-shaped rubber gasket; locations of the thermocouples
are marked with open circles
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A U-shaped tube made of thin walled smooth copper tube (Copper Alloy 122, wall
thickness 0.355 mm, outer diameter 4.76 mm) was used as the heat source for the storage
chamber. This copper tube, hereinafter is referred to as the heat transfer fluid (HTF) tube,
since the heat source was a high temperature fluid passing through this tube. The tube was
inserted in the chamber from the open top end and was positioned vertically (figure 3.2a
and 3.2b). A clearance of approximately 3.5 mm between the tube and the front and the

back walls were kept throughout the experiments.

The distance between the two legs (left and right side) of the U-shaped copper tube was
approximately 50 mm for most of its vertical length except near the U-bend in the lower
region of the chamber. The outer edge of each leg was approximately 22 mm away from
the corresponding side wall of the chamber (figure 3.2b). The maximum immersion depth
of the tube inside PCM was approximately 95 mm. The total linear length of the tube in
contact with the PCM inside the chamber was approximately 250 mm. All sides of the
chamber except the front glass wall and the open top end were insulated (FC-2300-LD,
Fibre Cast Inc.) to avoid heat losses to surroundings. The storage chamber was vertically
attached to a metal frame using bolt and nuts. The upper part of the chamber was left open
to room atmosphere to accommodate thermal expansion of the PCM during melting. The
open space at the ceiling of the chamber helped minimize the pressure buildup due to the
volumetric expansion of the PCM upon melting [32]. The heat transferred through the open
top prevented the heat buildup in the chamber and hence simulated the condition of a
continuous heat transfer in a real thermal storage as the heat continued to transfer from the

heat source towards the boundaries of the storage domain.

3.3.2 Thermal energy storage media

A mixture of fine paraffin wax and copolymer alloys in the form of milk-white pellets
commercially available as ‘Polyfin’, was used as the phase change material (PCM) in this
study. Various thermo-physical properties of the PCM as per published literature are listed
in Table 1. One of the key features of ‘Polyfin’ for its suitability for present research is that

it becomes transparent once melted, which was a very useful and crucial feature for
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accurately imaging the melting process and tracking the solid-liquid interface. A very small
amount of silver coated hollow glass sphere having an average diameter of 9-13um was
used along with the PCM as the tracer particles to investigate the behavior of the molten
liquid flow through imaging. The volume change of the wax in the liquid stage was

estimated to be approximately 10 % from the solid state.

Table 3.1: Thermo-physical properties of PCM at 25 °C (VWR CA 27900268) [33, 34]

Melting Specific Specific Thermal Kinematic LatentHeat  Thermal
Point, Gravity Heat, Conductivity, Viscosity, of Fusion, Diffusivity,
°C kJ/kg/K W/m/K m?2/s kJ/kg m?/s
55 092 2890 Solid Liquid 550x10® 180 7.985x10°®
~0.24 ~0.18

3.3.3 Heat source

As mentioned earlier, a U-shaped copper tube acted as the heat source in this study. It was
considered as the heat source in this study since the hot air (HTF fluid) was passing through
this tube. The HTF continuously passed through the tube at a controlled flow rate and
temperature. In order to minimize the pressure fluctuations in the HTF, the incoming
compressed air from the laboratory supply line was initially passed through a settling tank
to dampen pressure fluctuations. Downstream of the air settling tank, a pressure regulator
was employed to control the pressure of the air in the system. The air was then passed
through a flow meter to control its flow rate before passing through the heater (figure 3.1).
The controlled air was then heated while passing through an air heater (Zesta ZA0017)
equipped with a PID controller (Zesta ZEL-9100) to precisely control the temperature of
the HTF fluid. The accuracy of the PID controller was within +2°C. The air flow rate was
maintained at 40 liters/min. The accuracy of the flow meter was estimated as +5%. Four
different controlled temperatures of the HTF were used as inlet temperatures (150 °C, 175
°C, 200 °C and 225 °C) by adjusting the heater controller, which provided four different
input heat fluxes of 3450 W/m?, 4370 W/m?, 5020 W/m? and 5840 W/m?, respectively.
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3.3.4 Temperature data

A total of 28 T-type thermocouples (T30-2-507, Zesta Engineering Ltd.), hereinafter
referred to as TC were used to measure the temperatures at various locations in the
experimental setup, shown in figure 3.2(b) as small black open circles. Out of these 28
thermocouples, two thermocouples were placed in direct contact with the air flow to
measure its (HTF) temperatures at the inlet and outlet of the PCM chamber. The
temperature on the surface of the HTF tube inside the chamber was measured at eleven
different locations along the tube length. Out of these eleven thermocouples, ten
thermocouples were affixed on the surface of the two vertical legs (five TCs on each leg))
with an equal spacing of about 20 mm between them, and the other thermocouple was fixed
in the middle of the curved part of the U-shaped tube (figure 3.1b). All these eleven
thermocouples were affixed at the back side of the tube to avoid any imaging obstructions.
For measuring the temperature inside the PCM domain, 15 thermocouples were arranged
in an array format (5 rows and 3 columns), with a column on left, right and middle of the
U-tube (figure 3.2a and 3.2b). The left and right columns were located 14 mm from their
respective side walls. The center thermocouples’ column was located at the vertical center
line of the chamber and tube, at a distance of 50 mm from each side wall. The vertical
distance between each thermocouple row was also kept at 20 mm and they were at the same
vertical height as that of the tube surface thermocouples (figure 3.2a and 3.2b). The bottom
thermocouples’ row was located approximately 5 mm above the curved surface of the HTF
tube near the bottom of the chamber. All thermocouples in the PCM domain were inserted

individually into the chamber through the insulated acrylic back wall.

The temperature data from all 28 thermocouples were recorded simultaneously at a rate of
3 Hz via data acquisition cards (thermocouple modules: NI1-9214 and NI-9211) controlled
by the LabVIEW software. To ensure accuracy and similarity, the temperature data
recording for all experimental cases were started 1 min prior to the beginning of the heating

process and continued 5 min after the PCM was completely melted.

3.3.5 Calibration of thermocouples
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Calibration of all thermocouples was accomplished by using an insulated hot water bath.
A high accuracy thermometer (Kessler 10/30 ST Jointed Thermometer) was used as the
reference. The calibration was conducted over a temperature range from 90 °C to 0 °C with
increments of about 10 °C between each reading. All calibration curves showed almost
linear relationship. The uncertainty of temperature measurements from thermocouples was

estimated as +0.4%.

3.3.6 PCM chamber Insulation

As mentioned earlier, the front wall was made of a clear glass pane. This was required for
this study since the clear glass pane allowed optical access during image acquisition of the
melting process inside the chamber by a high resolution camera. Since this was the only
un-insulated wall of the chamber, some heat loss occurred through this glass pane. Hence,
it was necessary to ensure that this heat loss from the front wall did not influence the
melting process inside the chamber. This was verified by the authors in an earlier study
where the transient behavior of the PCM temperature field was compared for the storage
chamber with the front glass pane and fully insulated storage chamber with the same heat
source geometry (horizontal tube). For that study, the range of input fluxes was the same
as in the present study. The results show that the PCM temperature within the domain at
each heat flux case was slightly higher for fully insulated chamber compared to that with
the front glass pane, as expected. The difference in the mean temperatures for the two
chamber configurations was on average 8.7%. Because of the transient nature of the
process, the temperature profiles at different locations within the PCM domain over the
entire melting period were also compared for both cases. The results show no significant
variations in the trends for both insulated and un-insulated cases hence, confirming that the
un-insulated pane had no considerable influence on the underlying transient melting

process.

3.3.7 Image acquisition and image processing
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A 4 Mega Pixel high resolution charged-coupled device (CCD) camera (Flare 4M180-CL)
with a resolution of 2048 x 2048 pixels was used to capture the images of the phase change
process and to track the solid-liquid interface and the flow behavior of the melted PCM.
The camera was connected to an image acquisition system (DVR express core, 10
Industries) to record images. The camera was controlled via the DVR express CoreView
software installed on a PC. The field of view of the camera was set at 94 mm x 94 mm. For
each run, images were captured from the beginning of the melting process until the PCM
was completely melted. The camera frame rate was set at 40 frames per second (40 Hz) for
different experimental runs irrespective of the input heat flux. The stored images were
transferred from the DVR core to an external storage media in suitable format for further

processing.

3.3.8 Experimental data analysis

The heat gain by the PCM was considered equal to the heat loss by the HTF passing through
the PCM domain inside the chamber and was calculated from the following equation [35]:

Jrotal = mcp (Tin — Texit) (1)

where, gt IS the heat transfer rate, 7 is the mass flow rate of air, c,is the specific heat
of air, and Tin and Teyit are the inlet and exit temperatures of the air (HTF). Since the
thermocouples to measure inlet and outlet temperatures were located approximately 1 cm
off from the physical entrance and exit of the PCM in its full melted condition, the heat
loss from the HTF tube between Tin and Texit thermocouple locations and the chamber inlet
and outlet locations, respectively, were calculated. The net heat transferred to the PCM
(gne:) Was then calculated by subtracting the inlet/outlet heat loss, from the total heat lost
by the HTF. The net heat flux (g,,.;) into the PCM domain was computed by dividing
(gnet) by the surface area of the HTF tube inside the domain. The uncertainty in estimating

the heat flux was approximately on average within £10%. (see appendix C).

As the liquid fraction continued to increase with the progression of melting, the local heat

transfer coefficients were computed when the melted fraction reached up to a particular
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thermocouple. Because of the nature and pattern of melting in a U-shaped tube
configuration (heat source), the local heat transfer coefficient (h) was measured based on
the change in the vertical extent of the melted PCM in the vicinity of the heat source. It is
the same approach used for natural convection heat transfer from vertical tubes [36].
Hence, the local heat transfer coefficient values were obtained in each zone with the change
in the height of the melted PCM. The vertical locations of thermocouples were considered
as the reference lengths i.e. the local heat transfer coefficient in each zone was computed
when the melted PCM domain reached subsequent thermocouple within a given column in
the respective zone. At a given vertical location, the local heat transfer coefficient was

computed using the equation,

q" =h (Ts — Tpyu) (2)

where, q"' is the heat flux assumed to be equal to the average heat flux through the HTF
tube, Ts is the local surface temperature of the HTF tube and Twuk is the local bulk
temperature of the melted PCM.

Note that the tube surface temperature and bulk liquid temperature were computed as the
average from all corresponding thermocouples that were immersed in the liquid PCM in

each zone.
3.3.9 Interface detection

Tracking the solid-liquid interface and detecting its form as the melting progressed,
provided an in-depth insight for the better understanding of the underlying process. Using
an in-house algorithm in a Matlab platform, the solid-liquid interface was detected in each
image over the whole melting process. The algorithm initially preprocessed raw images to
increase their signal-to-noise ratio by rescaling in the gray-scale values between solid and
liquid phases (upper end gray-scale values correspond to the solid PCM and lower end
gray-scale values correspond to the liquid PCM) for accurate identification of each phase
and its transformation into a binary format for the precise detection of the interface. A
series of morphological operations were performed to remove any noise from the data. The

coordinates of the detected interface in the binary image were recorded at every spatial
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location which when processed generated the actual profile and position of the solid-liquid
interface at a given time. Because of the physical presence of various thermocouples in the
PCM domain, the interface profile in the close proximity of a thermocouple was locally
influenced. Hence, in the subsequent analyses, the interface data in the locality of each
thermocouple were excluded. The uncertainty in detecting the interface was within +2
pixels that correspond to £90 um. Figure 3.3 shows an instantaneous image of the PCM
domain. The detected solid-liquid interface in the corresponding image is also plotted with

ared line.

Figure 3.3: A snap shot showing the real image of the chamber during PCM melting
for one experimental run (heat flux of 4370 W/m?), the interface is marked as the
red line, the U-tube is visible by two thick vertical white lines, the white area
represents the solid phase and the dark-gray area represents the melted PCM

3.4 Results
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The objective of this study was to study the heat transfer phenomena during the phase
change process and the influence of the geometry of the heat source. The temperature data
acquired throughout the storage chamber, along with the simultaneous imaging provided
detailed information about the thermo-fluidic behavior during the solid-liquid phase

change process.
3.4.1 Colormap of the temperature fields

It was mentioned earlier in the experimental setup section that the temperature was
measured at 26 locations inside the chamber (11 locations on the surface of the tube and
15 locations inside the PCM domain) to characterize the thermal behavior of the PCM
during the melting phase. The variation of the temperature field inside the chamber at
different stages of melting is illustrated in Figure 3.4 (left side) along with the
corresponding images showing the melting trends through the front glass panel (right side).
Figure 3.4(a) shows the data soon after the beginning of the heating process. At this stage,
heat transfer is in the early phase via conduction through the PCM. The heat lost by the
HTF is evident through a gradual decrease in the tube surface temperature. The bulk PCM
temperature at this stage is not significantly influenced by the heat transfer and the PCM

domain remains in the solid phase (see the corresponding image on the right).

As the heat transfer to PCM continued and, once the melting temperature of the PCM was
reached, the solid phase of the PCM started to melt. The U-tube surface in contact with the
PCM naturally was at the highest temperature near the top left corner of the chamber where
the HTF tube entered the PCM domain. Since the HTF was continuously losing heat to the
PCM, the temperature of the HTF decreased along the tube, which caused an increase in
the PCM domain temperature as well as a decrease in the tube surface temperature. Due to
the higher HTF and hence the tube surface temperature, the melting process initiated near
the top left corner of the chamber (figure 3.4b). As the time passed, the melted zone started
to expand downward and horizontally. Thus, the pool of melted PCM acquired the shape

of an inverse cone and continued to grow.
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Figure 4.10: 6% CuO-PCM temperature in non-dimensional form versus the
normalized time at four heat fluxes and four different heights from the heat source.
(@) 2.5 mm, (b) 10 mm, (c) 35 mm and (d) 55 mm. Tn=PCM melting temperature, ts=

time when PCM temperature became steady at the given location

4.5.8 Comparison for heat flux between plain wax and PCM-
nanoparticle mixture for 6%wt. CuO

Figure 4.11 shows the heat flux into the 6% CuO-PCM mixture for different inlet HTF
temperatures. The results at the same inlet HTF temperatures for the plain wax are also
plotted for comparison. The heat flux into the PCM increased with an increase in the inlet
HTF temperature, as expected. The results also show that the heat flux into the PCM was
higher in the presence of nanoparticles compared to the plain PCM. However, the
percentage increase in the heat flux in the presence of nanoparticles was strongly dependent
on the input HTF temperature. It is observed that at the lowest inlet HTF temperature of
125 °C, the computed heat flux into the PCM (6870 W/m?) was approximately 13% higher
in 6% CuO-PCM mixture when compared with plain PCM, which increased with an
increase in the HTF inlet temperature. At the highest inlet HTF temperature of 200 °C, the
computed heat flux (14,500 W/m?) into the PCM was approximately 26.5% higher for 6%
CuO-PCM mixture compared to plain PCM. A plausible cause for this dependency on the
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HTF temperature is that, as the temperature of the PCM was increased, the viscosity of the
nanoparticle enriched PCM was decreased which enabled enhanced heat transfer rate [36,
46], since an enhanced and better convective flow in a less viscous nanofluid is natural and
expected. It has also been reported that in general, the thermal conductivity of nanofluids
is more temperature sensitive than that of the base fluid [36]. Consequently, the thermal
conductivity enhancement of nanofluids is also rather temperature-sensitive. Increase in
temperature decreased the viscosity and hence, nanoparticle in the fluid was more
prominent [36]. These results also indicate that change in effective viscosity of
nanoparticle-PCM mixture could be an important parameter to consider since it can limit

the effectiveness of nanoparticles in a given PCM based on inlet temperature conditions.
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Figure 4.11: Effects of the HTF input temperatures on the computed heat flux and

The influence of the change in effective viscosity of nanoparticle-PCM mixture is also

evident in the transient convective heat transfer coefficient values shown in figure 4.12 for

HTF inlet temperature, °C

comparison with plain PCM
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different inlet HTF temperature conditions i.e. different heat flux magnitudes into the PCM
for 6% CuO-PCM mixture. The results show that the magnitude of the local heat transfer
coefficient increased with an increase in the heat flux. The convective heat transfer
coefficient is strongly influenced by the flow behavior within the liquid domain. An
increase in the heat transfer coefficient value implies a faster transportation of heat by fluid
parcels. Fluid viscosity tends to resist the fluid motion and hence lower mixing and heat
transport. As mentioned above the increase in the temperature lowers the effective viscosity
of the mixture which increases the fluid movement and enhances mixing, which increases

the magnitude of the local heat transfer coefficient.
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Figure 4.12: Convective heat transfer coefficient (h) as a function of the melted
fraction at different heat fluxes for PCM-nanoparticle mixture at 6%owt. of CuO
nanoparticle
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4.6 Discussions and Conclusions

This experimental study was done in a thin rectangular chamber containing paraffin wax,
used as the PCM and four types of nanoparticles at 1% mass fractions were added to the
PCM to investigate performance of various thermo-physical parameters. All experimental
results were compared with a previous study by the same authors (included in chapter 2)
with net PCM. From the results of this study, it can be generally concluded that the thermal
performance of a PCM based latent heat storage can be improved substantially using
thermal conductive enhancers. But the heat transfer enhancement depends on many factors
like, particle mass/volume concentration, particle material, particle size, temperature and
additives. Additionally, it also depends on thermal conductivity, viscosity, specific heat of
the mixture, interaction of the nanoparticles with the base fluid, imposed temperature and
the nature of the convective flow and so on.

The results also showed that mass fractions of the nanoparticles have a limitation on
effective heat transfer rate. This is due to the fact that adding nanoparticles although
improves the conductivity, but simultaneously increases the viscosity of the nanofluid
which hampers the convective flow and thus the heat transfer within the fluid. The balance
between this two counter effects reaches an optimal value for a certain mass fraction of
nanoparticles and beyond which adding nanoparticles would simply reduce the
performance of a LHTES system. From the results of this study, it can be concluded that
the thermal behaviour of a nanoparticle enriched PCM is helpful for a PCM based latent
heat storage which can eliminate or reduce the general problem of low heat transfer rate in
a PCM. The careful selection of the nanoparticle and PCM (acting as the base fluid)
combination considering the operating conditions and the intended use is extremely
important. Because many factors simultaneously play crucial roles, a detail and

comprehensive data is required before a final selection can be made.
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Chapter 5

5 Conclusions and Recommendations

5.1 Overall Conclusions

Thermal energy storage (TES) is an excellent way to preserve energy in the form of heat.
This can be a great tool to alleviate the mismatch between the demand and supply of
energy, which is one of the major barriers in the effective utilization of the most prolific
renewable energy resource i.e. the solar energy, which is inherently intermittent and
unpredictable in nature. Thermal energy storage is also a critical device to recover and
reuse waste heat. The thermal energy storage systems utilizing PCM as the storage medium
have distinct advantage over sensible energy storage system due to the exploitation of the
enthalpy of phase change as the energy storage mechanism. However, the heat transfer
process to and from a PCM during phase change is complex due to the simultaneous
existence of two phases where, those fractions are continuously changing with time. The
complexity of the problem further increases as the orientation and position of the heat
source/sink in the storage domain changes. The present dissertation is aimed at improving
the fundamental understanding of the dynamical behavior of the solid-liquid phase
transition during melting, and a better characterization of the associated heat transfer. To
achieve this goal, a comprehensive experimental investigation was undertaken. The present
research, comprised of three parts with the focus on convective heat transfer process in the
melted domain and the dynamical behavior of the solid-liquid interface.

The experiments were conducted in a thin rectangular chamber served as the storage
medium. The chamber was thin enough to assume it as a 2D chamber. Using a set of
thermocouples, the temperature measurements at multiple locations were performed to
characterize the thermal behavior of the PCM. An imaging technique was also employed
to simultaneously acquire images of the moving solid-liquid interface. Commercial
paraffin wax was used as the PCM. Hot air passing through a copper tube inside the storage

domain was used as the heat source.



152

In Chapter 2, the investigations were carried out in the PCM storage chamber with a
horizontal heat source near the bottom. Results show that the shape of the solid-liquid
interface was comparatively linear during the early stage of the melting process but, once
the melted fraction increased, it became nonlinear. This trend is attributed to the
domination of the local convective cells that immensely influenced the melting rate.
Results also show that the magnitude of the solid-liquid interfacial velocity increased with
an increase in the input heat flux, as expected. The results also show that the heat flux into
the PCM domain significantly affected the melted (liquid) phase, which is also likely due
to the strong presence of the convective motions. The simultaneously recorded temperature
and the images were analyzed which enabled to characterize various important thermo-
physical parameters associated with the PCM during the melting process. It was observed
from the results that the convective heat transfer coefficient, h increased rapidly until
approximately 20% of the PCM volume was melted, followed by a more gradual increment
in h, which then became nearly steady when the melted fraction reached approximately
two-third of the total PCM volume. A new Nusselt number (Nu) and Rayleigh number (Ra)
correlation is proposed that characterizes the heat transfer during the melting phase of a
PCM in a rectangular chamber when heated by a bottom heat source and its trend relative
to the established correlations in the literature for the closest configurations was also

discussed.

In chapter 3, an experimental study similar to chapter 2 was conducted where the melting
of a PCM inside a similar chamber was accomplished by using a U-shaped cylindrical heat
source which had a different geometry and orientation than the heat source in chapter 2.
The purpose of this study is to better understand the effect of the geometry and orientation
of the heat source on the melting and heat transfer behaviour in a PCM. The results show
that the imposed heat load and the position of the heat source have a significant effect on
the profile and orientation of the interface during the melting period. The time history of
the temperature profiles provided a better insight into the heat transfer process. Results
show that the interface inside the PCM domain progressed in a nonlinear fashion although
the interface velocity showed some consistency when moving away from the heat source.
The results also show that the heat flux significantly affected the melted (liquid) phase,
likely due to the variations in the convective motions. The heat transfer behavior, interface
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movement and the heat transfer coefficient differed both axially and vertically as well as
with the melting rate. Because of effects of virtually two heat sources, formed by the two
legs of the U-shaped cylindrical heat source, the inner region melted quickly than the outer
regions. This trend is reflected from the observed results where it shows approximately
two-third of the total PCM volume was melted at a quicker rate than the last one-third
volume, which is mostly the PCM in the outer region. It is also observed that the local heat
transfer coefficients (hioca) Was influenced by the heat source orientation and as such the
hiocat Was observed significantly higher in the liquid PCM zones within the inner region
than the outer region. The hiocal in the inner region was observed 35% higher on average
than the outer zone when the heat fluxes was increased from 3450 W/m? to 5840 W/m?,
The reason for this trend can be explained as, the volume of the liquid in the inner region
was more than the outer region during the same period of melting, length of the HTF tube
in contact with the liquid was higher which resulted in a higher magnitude buoyancy-
induced flow in the inner region than the outer. Also the increased liquid volume resulted
in the growth of strong convective cells, which helped to increase the heat transfer. Similar
trends were also observed in the vertical orientation. The buoyancy induced convective
currents from the bottom tube surface supported the flow induced by buoyancy from the
vertical sections of the tube and played a significant role in the overall convective motion
and, resulted in higher Nusselt number values. The results also showed that the Rayleigh
number increased almost monotonically with the heat flux in all four zones within the
chamber. It is observed that the Rayleigh number on average increased by approximately
23% in the inner zone and 18% for the whole domain as the heat flux increased from 3450
W/m? to 5840 W/m?. This is because the increased temperature in the inner region is
believed to have caused a higher reduction in the viscosity, resulting in stronger fluid
motion. A generalized Nu-Ra expression for this relation is proposed using a power law fit

to the experimental data.

Chapter 4 focused on the impact of thermal conductive enhancers (TCE) in the PCM on
the solid-liquid phase change process and associated heat transfer. The set up was the same
that was used in Chapter 2 including the heat source configuration and the imposed inlet
conditions of the experiments. Four different nanoparticles (Silver, CuO, Al>Oz and Multi-

walled carbon nanotubes) were used initially to find a comparatively best nanoparticle for
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further study. Initial results show that in general, all TCE improved the heat transfer rate
significantly in the PCM compared to net PCM. The magnitude of the heat flux increase
relative to that for the plain wax varied approximately between 7-20%. Also the melting
time reduced significantly and the results showed that almost 40% less time was required
to melt half of the PCM volume. Although the rate declined to 25% for higher vertical
height. CuO and silver nanoparticle showed better convective heat transfer coefficient
increment than the other two. CuO nanoparticle among the four nanoparticle was
considered for the rest of the study after experiencing some issues with the
sinking/floatation and/or agglomeration of MWCNT and Al>Os resulting in lower heat
transfer in the PCM, whereas the issue of cost for silver nanoparticle. CuO at various mass
fraction showed interesting results. Among the five different mass fractions of CuO were
tried, CuO with 6% mass fraction showed better results. At closer distance from the heat
source, the melting time of the PCM mixture with 6% CuO mass fraction showed melting
rate 30% quicker than that for 1% CuO mass fraction. The heat transfer coefficient shows

higher values at the lower fraction of the melting volume.

5.2 Contributions

In the present research, for the first time, a detailed investigation of the transient behaviour

of the melting process and the dynamic of the solid-liquid interface was conducted.

First detailed investigation and analysis of the effects of heat source’s geometry, orientation
and shape on the heat transfer performance and interface dynamics in a transient way. The
outcome of this work has a direct impact on the design improvement of heat source/sink
geometry in a PCM thermal storage, which has a direct impact on the overall thermal

performance of the storage system.

Developed new correlation to characterize the convective heat transfer in the PCM during
the melting process.

First detailed investigation of the influence of nanoparticles, acting as thermal conductive
enhancers, on the phase change behavior and the associated heat transfer in a transient

manner.
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5.3 Recommendations for future work

1) 2D to 3D approach

The present study investigated the heat transfer process and the convective flow regime
during the phase transition period in a PCM. The storage chamber, used during the study
was constructed in such a fashion that the depth was kept very small compared to the other
two dimensions. Hence, the chamber was assumed to have a two-dimensional geometry.
This enabled to simulate the heat transfer and capture the interface dynamics during the
melting process, which otherwise would have been extremely challenging to capture. In
practical applications, all thermal storage systems have three-dimensional geometries and
hence the solid-liquid interface as well as the heat transfer progresses in a three-
dimensional manner. Therefore, the approach used in this study needs to be extended to
three-dimensional storage chambers as well as three-dimensional geometries of the heat

source/sink.
2) Solidification/freezing cycle

The present study was performed solely on the melting process of the PCM which enabled
to grasp the knowledge of the heat storing process in the storage chamber. But a thermal
storage operates in a cyclic manner i.e. the heat storage followed by a heat extraction.
Hence, the investigations should be extended to include the investigation of the phase

change process and associated heat transfer during the solidification/freezing process.
3) Pressure buildup and thermal expansion during melting

In the present research, paraffin wax was used as the PCM which has a volumetric
expansion of approximately 10% when transformed from solid to liquid. This was a
problem during the study when the heat source was near the bottom (chapter 2 and 4) since
the melting was initiated from the bottom. The liquid formed in this region caused an

expansion of the volume which in turn developed pressure inside the chamber. This
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resulted liquid PCM leakage or squeezing the rubber gasket and probably the PCM bodily
moved up. The problem was not that intricate since the experimental chamber was small.
But this issue needs to be taken care in future works if the storage volume is bigger and a

3D chamber is used.
4) Nanoparticle suspension

In chapter 4, the study was extended to use nanoparticles with PCM to enhance the heat
transfer rate. The main problem faced was the issues of suspension of the nanoparticles in
the liquid PCM (nanofluid). Most conductive nanoparticles are heavier than the base fluid

and as such this issue needs to be focused in future works.
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Appendix A

Appendix A: Methodology

An experimental approach is used to conduct research and meet thesis objectives. Detailed
descriptions of the relevant experimental setup and measurement procedures are described
in each Chapter. A brief description of general measurement techniques used in this
research is provided below.

A.1 Experimental measurement techniques

Two different measurement techniques were employed simultaneously to gather data from
the experimental runs, which were temperature measurements and image acquisitions. A
set of T-type thermocouples (T30-2-507, Zesta Engineering Ltd.) were used to measure
temperatures at various locations within the experimental apparatus that include the heat
source and the PCM storage domain. The temperature data from all thermocouples were
recorded simultaneously via a set of data acquisition cards (National Instrument’s

thermocouple modules: N1-9214 and N1-9211) controlled by the LabVIEW software.

An imaging system was employed to take images and to quantify the melting process and
the interface behaviour. A diffused lighting arrangement was made to provide a uniform
and brighter illumination of PCM domain during imaging, which produced a good contrast
between the solid and liquid domain, and also between the tracer particles inside the fluid
and the background chamber wall. Hence, it helped to track the position of the interface by
distinctly separating and identifying the solid and the liquid regions. A high resolution 4
Mega Pixel CCD camera (Flare 4M180-CL) with the resolution of 2048 x 2048 pixels was
employed to capture the images. The camera was connected to an image acquisition system
(DVR express core, 10 Industries) to record images. The camera was controlled via the

DVR express CoreView software installed on a computer.
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A.2 Image processing

As this research involved the visualization and quantification of the melting process in a
PCM, where it began with a single solid phase; transformed into the coexisting two-phase
state (solid-liquid) and finally acquired a single liquid phase upon complete melting.
Hence, the accurate tracking and quantification of the dynamic solid-liquid interface was a

crucial part of this research.

The solid-liquid interface was detected in each image using in-house image processing and
analysis algorithm developed in the Matlab environment. The computer code implemented
image processing routines to detect the interface based on the change in gray-scale values
between solid and liquid phases in each image. The main steps of the image-processing
algorithm are shown in figure A.1. A sample original image of the PCM domain is shown
in figure A.1(a). In the image, the white region represents the solid phase and dark gray
region represents the melted wax. The improvement of the signal-to-noise ratio is the first
step of the image-processing algorithm, which is achieved by rescaling the gray-values
based on the maxima and minima. The image is segmented into a binary image in the next
step by applying a threshold based on the gray-value distribution. Figure A.1(b) shows the
corresponding image after segmentation. A series of morphological operations were
performed on the binary image that include image inversion, dilation, filling the holes and
erosion to remove noise from the binary image. Figure A.1(c) shows the final form of the
processed image. The coordinates of the detected interface were recorded at every spatial
location. The detected interface is plotted in figure A.1(d) over the original image for
comparison. By processing a series of consecutive images from the beginning to the end
of the melting process, a time history of the interface movement was obtained. This
information was used in the further analysis of data. Note that the interface movement in
the immediate vicinity of a thermocouple was locally disturbed. Hence, the interface data

in the vicinity of each thermocouple were excluded from subsequent analyses.
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(c) (d)

Figure A.1: Sequence of the processes involved to generate the solid-liquid interface
of the PCM; (a) original image of the PCM domain (thermocouples are seen by
white circles), (b) image after adjustment and converting into the binary image, (c)
image after inversion, dilation, filling the holes and erosion and (d) image with the
instantaneous interface shown as the red line
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Appendix B: PCM chamber insulation
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Figure B.1: Schematics of the storage chamber showing the locations of the

insulation
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Appendix C: Experimental Uncertainty Analysis

All experimental measurement systems involve some errors which is actually the
difference between the true value of the variable and the value assigned by the
measurements. But, in any measurement, in fact, the true value is unknown. Thus, instead
of the actual error, we estimate the probable error in the measurement which is termed as
the uncertainty. Hence, the uncertainty defines an interval about the measured variable

within which the assumed true value must fall.

Any kind of experimental measurements involve some level of experimental uncertainty.
These uncertainties may originate from various causes such as inaccuracy in measurement
equipment, random variations in the quantities measured and the approximations
considered in the data (data reduction). It is impossible to eliminate the errors completely
and hence it is very important to know the level of uncertainty for a given measurement.
Since in a measurement system the errors may be contributed from various sources, they
all need to be considered. Thus, all these uncertainties in individual measurements are
eventually accommodated into the uncertainty in the final results.

The errors are of two general categories, (1) Systematic or bias errors and (2) Precision or
random errors.

1. Systematic or bias errors

Systematic or bias errors are caused from a drift or shift of sample mean from the
true mean by a fixed amount.

2. Precision or random errors.

This error is caused by a lack of repeatability in the output of a measurement system.
The random errors bring a distribution of measured values about the sample mean.

General equation used for experimental uncertainty calculation for precision errors:

U

n

e )|

i=1
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Data acquisition errors: sources

a) T-type thermocouples (T30-2-507, Zesta Engineering Ltd.): uncertainty £0.4%.
b) Air flow meter, Omega FL-2000 series: accuracy as +5%.

c) PID controller (Zesta Engineering Ltd. ZEL-9100): accuracy £2°C.

d) HTF tube dimensions: digital sliding calliper (Mastercraft, model 58-6800-4)

Sample uncertainty calculation for heat flux, g”s HTF temperature 175 °C:

Following equation is used to compute the heat flux:

" 1M Cp(Tsurf—TBuik) pV Cp(AT)

_ 9 _ _
=,= Dl o A (C1)

Where,

p = Avg. density of HTF: 0.868 +2.28% = 0.868+0.0198 kg/m?

V = Volume flow rate of HTF: 0.00067+5% = 0.00067+0.0000335 m?/s
C, = Specific heat of HTF: 1013+2.28% = 1013+23.09 J/kg.K

AT = Heat source and bulk PCM temp. diff.: 26.86+£0.533 °C

Tsetting = Temp. setting in controller: 175+2 °C

A = Heat source surface area: 0.001496+0.00000314 m?
From equation (1), finding the value of q",
q’= 0.868*0.00067*1013%26.86/0.001496 = 10577.38 W/m?

General equation to estimate the uncertainty:

o5 e

Applying general equation to estimate the individual uncertainty:

B aq" aq aq" 2 aq" 2 6q” 2 aq" 2
T [(Wp 3) (s av) (Wa_ + (Wirga7) +(Wnzry) + (W)

N =




Now computing each term separately,

dq" VC,(AT) _0.00067 * 1013 * 26.86

= 12815.92

ap A 0.001496

aqll
(Wp —) = 0.0198 * 12815.92 = 241.28

dp
aq" pC,(AT) 0.868 * 1013 * 26.86
— = = = 15787144.55
v A 0.001496

d
(WV %) — 0.0000335  15787144.55 = 528.87

dq" _pV(AT) 0.868 * 0.00067 * 26.86

- =10.44
aC, A 0.001496
aq"
We, 2~ | = 23.09 x 10.44 = 241.09
ac,
0q" _pVC, 0.868x0.00067 « 1013 29379
AT A 0.001496 ST
aq"
(WATW) = 0.533 %« 393.79 = 209.89
dq" pVC, 0.868*0.00067 « 1013
- = 393.79

or... A 0.001496

dq
(WTset aTset) =2%393.79 =787.59

09" VC,(AT)  0.8680.00067 * 1013  26.86
0A A2 (0.001496)2

= —7070445.75

0
(WA i) = 0.00000314 = 7070445.75 = 22.20

0A
Now,

1

Wy = [241.282% + 528.872 + 241.09% + 209.89% + 787.592 + 22.20%]2
Wy =1029.99 W/m?
Therefore, ¢" = 10577.38 + 1029.99 W/m?
Or,q" = 10577.38+9.73% W/m?2
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Figure D.1: Circuit diagram for temperature acquisition via Labview program
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