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Abstract

Results of an extensive experimental investigation performed to study the effect
of different values of wall heat flux in a rectangular PCM (phase change material)
test cell on the melting process are presented. A new experimental system
consisting of a rectangular cross-section test cell formed from polycarbonate sheet,
copper plates and mica heaters was constructed. During experiments uniform wall
heat flux (q"wa=675, 960 and 1295 W/m?) were applied to both the left and right
sides of the test cell. Thermocouples were used to measure the temperature at
different locations inside the PCM and on the surface of the copper plates and an
infrared camera was used to measure the polycarbonate sheet external surface
temperature distribution. The results show the expected strong correlation between
the magnitude of wall heat flux and the melt fraction in the PCM as it drives the
convective heat transfer. The transparent polycarbonate wall makes it possible to
observe the location of the solid/liquid interface and determine melt fractions. The
experiments have produced a significant experimental data set for the validation of
numerical models simulating the solid/liquid phase change process and PCM
melting in geometrical configurations relevant to, for example, latent heat thermal

energy storage systems.
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Introduction

Solar power technologies, both photovoltaic (PV) and solar thermal have
improved in efficiency and performance over recent years, with a selection of
systems available for commercial as well as residential applications. According to
the International Energy Agency (IEA), renewable energy systems accounted for
two-thirds of new power generation added to the world’s electricity grids in 2016,
with solar power being the fastest-growing source of new energy worldwide in that
year, outstripping the growth in all other forms of power generation for the first

time and leading experts to hail a “new era”[1].

In a solar thermal energy system, solar radiation is converted to heat using solar
collectors. Since solar radiation varies with both time of the day and season of the
year, employing a thermal energy storage system is essential if demand and
availability are not concurrent, to allow for different weather conditions, enhance

capacity factor and meet peak demands [2].

Latent heat thermal energy storage is one of the ways of storing thermal energy
and can be used to help balance differences between heat/coolth generation and
demand requirements with respect to disparities that occur in both time and
magnitude. Thermal energy storage can allow collected and stored heat to be used
at later times either on a diurnal or interseasonal basis. Generating and storing heat

at periods of low demand and discharging at periods of high demand, allows the

increased capacity factor to be achieved for a given collector system and reduces
the need for required low utilisation plant to meet peak loads. Heat storage

improves energy efficiency by utilising heat/coolth that would have been wasted. It



can also be used for the thermal management and cooling of electronic devices by

reducing temperature rises during operation.

A PCM can effectively store or release latent heat during the melting or
solidification process, respectively, and maintain the system temperature at/close to
the melting/solidification temperature. Due to this, they have great potential for
energy storage and environmental temperature control. Example applications
include concentrated solar thermal power (CSP) systems, passive cooling, solar

water/space heating and waste heat recovery [3].

The growth in interest in PCM applications has stimulated a need for better
understanding of the heat transfer processes which take place during phase
transitions. Research to date on PCM materials has concentrated on understanding
the heat transfer characteristics of the PCM, specifically the effect of natural
convection on the solid/liquid interface development and different techniques to
improve the heat transfer between the PCM and the heat exchange surface and the

heat transfer fluid (HTF).

In addition to the inherently transient nature, melting in PCMs is greatly affected
by the dominant heat transfer mechanisms at a given time, conduction and/or
convection. When analysing transient performance, isotherms, velocity vectors,
solid/liquid interface location, melting rate, complete melt time and dimensionless
parameters that describe the rate of heat transfer, i.e. the Nusselt number, can be
used to characterise melting problems [4]. These quantities are however strongly
influenced by the specific geometric configuration and thermal boundary

conditions for each specific problem.

The geometric configuration and PCM enclosure orientation with respect to
gravity affect the heat transfer mechanisms in the liquid zone which play a
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significant role in the evolution of the shape, movement and morphology of the
solid/liquid interface, which in turn affects the heat transfer and the melting
process within the PCM. An overview of melting in different types of enclosures is

given in the reviews by [5], [6], [7],[8], and [9].

For enclosures with vertical walls that are heated, the melting rate is higher in
the upper portion of the containers due to natural convection in the melt. Increasing
the height/width ratio of the enclosures for the same volume in general augments
the buoyancy effect and results in a faster melt process and a decrease in charging

time [4].

Melting of phase change materials in rectangular cross-section containers has
attracted significant interest due to its wide-ranging engineering applications in
such fields as casting, metallurgy, spacecraft and avionics thermal control, military
electronic systems, power electronic equipment, personal computing and

communication equipment and thermal energy storage.

There are three main ways to predict and better understand the heat transfer
processes which take place during phase transitions, i.e. Analytical, Experimental
and Numerical (via simulation). Analytical solution of the melting problem is
problematic due to the complex nature of the heat transfer and the moving phase
transition. In 1891 Stefan presented a mathematical solution to the phase change
problem of ice formation in simple geometries [10]. Due to the lack of an unstable
analytical solution for the analysis of heat transfer in complex thermal energy
storage systems, various researchers have investigated the system performance

numerically [11].

Pal and Joshi [12] studied computationally and experimentally the melting of an
organic (PCM) (n-triacontane) in a side-heated tall enclosure with an aspect ratio
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of 10. They reported that natural convection plays a dominant role during the
initial stages of melting and that the strength of natural convection diminishes as

melting is completed.

Bashar and Siddiqui [13] conducted an experimental study to investigate the
transient melting and heat transfer of a nanoparticle-PCM mixture in a rectangular
enclosure using four types of nanoparticles (silver, copper oxide, aluminium oxide
and multi-walled carbon nanotubes) with paraffin wax used as the PCM. The
results show that all four nanoparticle-enriched PCM mixtures provided better
thermal performance when compared to the case with the plain PCM due to

increased thermal conductivity.

Kamkari and Shokouhmand [14] carried out an experimental investigation of
phase change material (PCM) melting in a transparent rectangular test cell with
and without horizontal fins. The test cell was heated isothermally from one side
while the other walls were insulated to reduce thermal losses. Experiments were
performed with wall temperatures set at 55, 60 and 70 °C. The experimental results
indicated that increasing the number of fins decreased the required time for melting
and increased the total heat transfer rate while the surface-averaged Nusselt

number reduced.

Dhaidan et al [15] experimentally and numerically studied melting of n-
octadecane with CuO nanoparticle suspensions in a square cross-section enclosure
subjected to a constant heat flux on one side wall. The experimental and numerical
results indicate that the nanoparticle loading has a positive effect on raising the
thermal conductivity of the PCM/nanoparticle composite, increasing the heat

transfer within the composite resulting in a decreased the charging time.



Kamkari et al [16] experimentally investigated the transient thermal behaviour of
PCM melting in a rectangular test cell at different inclination angles. The enclosure
was heated isothermally from one side while the other walls were insulated to
reduce heat losses. The experiments revealed that the enclosure inclination had a
significant effect on the development of natural convective heat transfer and

consequently on the heat transfer rate and required melting time for the PCM.

Yanxia et al [17] conducted an experimental investigation to examine the thermal
characteristics of the melting process in a rectangular enclosure heated from a
single vertical side. They used a novel PCM ethanolamine—water binary mixture
which has a high-Prandtl number, their experiments indicated that the natural
convection in the liquid enhanced the melting process compared to pure

conduction.

Hamad et al [18] experimentally investigated the melting process of polyethylene
glycol 1500 (PEG 15500) in a rectangular enclosure. Their experiments show a
strong correlation between the hot wall temperature and the developments of the
melt fraction, expected a hot water temperature strongly influences the convective
heat transfer. The cold wall temperature had an insignificant effect on the
development of the PCM melt with time for a constant hot wall temperature. The
melting rate had the same characteristic form for all cold wall temperatures used in

their study.

Motahar et al [19] presented an experimental investigation into the melting
process of the PCM n-octadecane with titanium oxide (TiO,) nanoparticles
dispersed through it in a rectangular enclosure heated at a constant rate from one
vertical side. Their experiments showed that during the initial stage of melting,

heat is transferred by conduction while at later times natural convection dominates



the heat transfer. Dispersing TiO, nanoparticles through the PCM led to an
increase in the Bingham number and consequently the natural convection and

melting rate reduced.

Melting of phase change materials in a vertical tube or vertical cylinder (having a
circular cross-section) is affected by the orientation of the symmetry axis of the

cylindrical vessel to the gravity vector [4].

Jones et al [20] conducted an experimental study of the melting of n-eicosane in a
vertical cylindrical enclosure, and a numerical investigation of the melting process
when the enclosure was heated isothermally from the sides, with a constant
temperature maintained at the bottom and insulated at the top. It was shown from
the experiments that four distinct regimes occurred during the melting process
which were: (a) pure conduction, (b) mixed convection/conduction, (c) convection

dominant, and (d) “shrinking solid”.

In the current research, the melting process of phase change material RT44HC
has been evaluated experimentally for a test cell of rectangular cross-section
subject to a uniform wall heat flux applied to both the left and right vertical sides,
while the other wall conditions are essentially adiabatic. Both qualitative and
quantitative approaches have been employed by visually observing the movement
of the solid-liquid interface with time and measuring the temperature distribution

within the PCM with an array of thermocouples.

Experimental apparatus

A rectangular test cell filled with phase change material that can be subjected to
uniform wall heat flux from both left and right vertical sides has been fabricated

from transparent polycarbonate to allow the accurate measurement of the effect of



input wall heat flux intensity on the transient solid-liquid interface movement and

temperature distribution within the PCM.
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Figurel. (a) Schematic diagram of the experimental test rig, (b) picture of the
laboratory setup.

The developed experimental test rig is shown in Fig.l and comprises the
rectangular PCM test cell, insulation, power supply, voltage transformer,
thermocouples, temperature control unit, data acquisition system, DSLR camera,

Infrared camera and a computer.

The rectangular test cell was formed from 12 mm thick transparent
polycarbonate sheet [21] to allow observation of the melt fraction development in
the RT44HC during the experiment. The internal dimensions of the test cell were
176 mm hight, 200 mm wide. The depth of the test cell was 100 mm, this depth
was considered to be sufficiently large that the boundary effects at the midplane
induced by the front and back walls as shown in Fig.2 would be negligible. The
thermal conductivity of polycarbonate is approximately 0.19 W/m K with a
maximum operating temperature of 150 °C and a density of 119 kg/m>. Four holes
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in the upper side of the test cell were used to introduce the liquid PCM into the
store and to provide space for thermal expansion of the PCM that occurs during the
melting process. Thin 2 mm thick copper plates [22] with an area of 100 x 200 mm
from the right and left vertical sides of the test cell on which Mica heating pads are
mounted to provide uniform wall heat flux to the plates. Copper plates were used
for the end walls due to compatibility with the PCM, its long life and high thermal
conductivity 401 W/m K. The Mica heater which could operate up to a maximum
voltage of 240 VAC was connected to an adjustable AC power supply to allow

heat input rate to be varied.

12mm Polycarbonate

2.0 mm thick sheets
Copper sheet

Mica Heater Pad

Figure 2. Schematic diagram of the rectangular cross-section test cell.

The Mica heaters were attached to the copper plates using epoxy adhesive with
high thermal conductivity silicone thermal grease used to eliminate air pockets and
ensure good contact, and thermal contact. 12 T-type thermocouples formed from
0.26 mm diameter wire with a calibrated accuracy of + 0.3 °C were placed in 4
columns and 3 rows in the vertical middle plane of the test cell as shown in Fig.3
These were connected to a data logger and temperatures were recorded during the

melting process. Fig.4 shows the location of the three thermocouples secured to
10



each copper plate with the conductive epoxy resin used to measure surface
temperature. Two additional thermocouples located outside the test cell were used

to measure the ambient and insulation temperatures.

A sheet of Kingspan Kooltherm [23] of thickness 100 mm and thermal
conductivity of 0.018 W/m K was used to provide thermal insulation on all sides of
the test cell. A data acquisition (DAQ) unit, DT85 providing 48 common
referenced analogue input channels [24] was used to log the temperature readings.
The DAQ unit was connected to a personal computer via a USB port and the dEX
software platform was used to configure and manage the logger in real time. The
temperatures were recorded at intervals of 10 seconds for the full duration of the

experiment.

In order to record the development and movement of the solid/liquid interface
during melting, a Canon 24.2 Megapixel digital camera, Canon EOS 80D [25] with
a 18-55 mm lens was used to take photographs every 30 minutes. The camera
mounted on a tripod was fixed places at a distance of 50 cm from the PCM test
cell. A light source behind the test cell was used to make the solid/liquid interface
more visible. An infrared camera, FLIR B series [26] with a resolution of 320 by

240 Pixels was mounted in the front of the test cell to record the temperature field.
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Figure 4. The locations of the three thermocouples used to measure the surface
temperature of the heating plates.

Experimental test procedure

The PCM was initially melted in an oven and poured into the test cell in thin
layers, with each layer allowed to solidify prior to the next being introduced. This
process was continued until the test cell was filled totally with PCM. The objective
of this filling procedure was to ensure that no air pockets formed inside the solid
PCM. After filling, the test cell was kept at room temperature (20°C to 22°C) for at
least 24 hrs to ensure that all of the solid PCM was at the same temperature. At this
time, the temperature difference between all thermocouple measurements in the

PCM was less than 0.1 °C.
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Data Reduction

Absorbed energy

To determine the amount of energy absorbed by the PCM, both sensible and
latent heats were calculated at every data acquisition period. Total sensible heat

gain for the liquid and solid regions were calculated by using equation (1) [27]:

Qsensible,PCM (t) = fVliq(t) psCs (Tml - Ti)dvliq + fVliq(t) Piiq Cliq (Tmeanliq (t) -

Tmz) dVliq + st(t) psCs (Tmeans - Ti)st (1)

Where Tmeany;, (t) and Tpean, (t) represent the instantaneous mean temperatures

of liquid and solid phases, which were calculated by averaging the temperatures of

thermocouples located in each phase using equations (2) and (3):

1 Nyig(t)

Tmeanliq (t) = mzizl T; (2)

1 S(t
Tmeans (t) = ngl ) T; (3)

Where n,;,(t) and ng(t) represent the number of thermocouples located in each of

the liquid and solid regions of the PCM at each measurement time, respectively.

The latent heat of the region related to the thermocouple was calculated using

equation (4):

QLatent,PCM (t) = fMPCMhlatent (4)

where f'1s the value of the liquid fraction percentage
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The total energy absorbed by the PCM for the liquid and solid regions can then
be calculated by the sum of the latent and sensible heats which have been

estimated by equations (1) and (4).

Qtotal,PCM (t) = Qsensible,PCM (t) + Qlatent,PCM (t) (5)

A simple heat balance, equation (6) can be used to evaluate the surface-averaged
natural convective heat transfer coefficient during melting.

T __ Qtotapcm(®)
h(t) N AW(TW_Tm)At (6)

Where Qora1pcnm(t) is the total heat transfer from the hot walls to the PCM
during the time interval (At). Ay, is the total surface area over which the heat flux is
provided. Ty, is the average heated wall temperature and T,, is the solid-liquid

interface temperature which was considered to be the melting temperature of the

PCM.

The dimensionless average Nusselt number, based on the characteristic length of

the test cell (height H) can be written as equation (7):

H(t)H

Kiiq

The relevant dimensionless numbers are the Stefan number Ste, Rayleigh number

and the Fourier number Fo [11]:

Cp1q"H ZcpigBHYq Kt
K Rhigtent uk pCp1 H
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Input power

The experiments were conducted at three different input power rates 27, 38.4 and
51.8 Watts (corresponding to a heat flux of 675, 960 and 1295 W/m?), the constant
wall heat flux, g” to the test cell was calculated based on the electric power

dissipated over the heat transfer surface area and is given in the equation (9):

w_ 1V _ IV

I )

T A, 2LW

where Ay, 1s the total surface area of both heaters providing the heat flux to the
system.

The key dimensionless numbers for each of the experiments are listed in Table 1.

Table 1 Key dimensionless numbers for the three experiments.

Experiment Number q" Ra (x10'7) Ste
1 675 5.04 5.44
2 960 7.17 7.74
3 1295 9.67 10.45

Phase change material used

RT44HC a commercially available material (Rubitherm GmbH-Germany) [28]
was used for these experiments because it has a high latent heat of fusion, is
chemically stable, does not degrade over multiple cycles, is non-corrosive, and
non-toxic. This material has a high heat storage capacity over a narrow temperature
range which makes it suitable for solar energy, domestic hot water and space

heating applications.

In order to determine the specific heat capacity of the PCM during the melting

process, measurements were performed using a TA Instruments Differential
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Scanning Calorimeter (DSC)[29] with an average error of less than 1.0% and a
liquid nitrogen cooling system. The measurements were performed with
heating/cooling rates of 1 °C.min!, 5 °C.min"! and 10 °C.min"! and a temperature
range from 20-70 °C. The measured temperature enthalpy curve recorded during
the melting process for RT44HC is shown in Fig.5. The measured temperature
range for RT44HC over which melting occurred was 42.13 to 43.28 °C. The
measured latent heat was 218110 J/kg for a heating rate of 1 °C.min"!. The other
thermo-physical properties of RT44HC were obtained from the manufacturer’s

data sheet [28] and are presented in Table 2.

2

smaller peak

Enthalpy (normalized): 220.69 Jig
Onsel x: 43.002 *C

Peak temperature: 45453 °C

Heat Flow (Normalized) @ (W/ig)

large peak

20 30 40 50 60 70

Temperature T (°C)

Table 2 Thermophysical properties of paraffin wax RT44HC [25].

Thermal conductivity (k) 0.2 WmK

Thermal conductivity (kiiq) 0.2 WmK

Specific heat of solid phase (C,)s 2000 J/kg K

Specific heat of liquid phase (C,)iq 2000 J/kg K

Density: solid phase (ps) 800 kg/m’

Density: liquid phase (piig), p(T) = —0.6698 T + 992.61 kg/m>, T(k)
Volumetric expansion coefficient (B) 0.00137 K*!

Dynamic viscosity (Liiq) 0.008 kg/m s
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Melt front evolution

To evaluate the melt fraction and the location of the moving solid-liquid
interface, the insulation on the front face of the test cell was periodically removed
every 30 minutes and a colour digital image taken. The image was converted to a
black and white image which contains a two-dimensional array of either zeros or
ones corresponding to black and white pixels respectively. The MATLAB image
processing toolbox [30] was utilized to determine the instantaneous liquid fraction
based on the number of zeros and ones in the array. The liquid fraction was
evaluated by dividing the number of zeros in the array by the total number of
pixels forming the image.

__ NP,
NP,

f (10)

where NPy and NPt are the number of 0 values in the array and the total number of

points in the array, respectively. Fig.6 shows the steps used for calculated the

liquid fraction.

Original Image Grayscale Image
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Cropped Image white 1s solid PCM, black is liquid PCM.

Figure 6. Three images showing the different stages of image processing used to
calculate the liquid fraction

Calibration of infrared images

In the experiments, the temperatures measured by the thermocouple probes can
only reflect the temperatures at spot locations, using thermocouples it is very
difficult to unobtrusively obtain the temperature field of the entire domain.
Additional information about the temperature field was obtained by using an
infrared camera focused on the outside front face of the PCM test cell. The test cell
surface must be exposed to the infrared camera for temperature measurement, with
a consequent heat loss from the higher temperature test cell surface to the ambient,
resulting in a lower temperature being measured than if insulation remained in
position. To minimize this, the insulation was removed and replaced rapidly. To
ensure consistency between thermocouple measurements and the images taken
with the infrared camera, a calibration between the two sets of temperature
measurements was performed. At 30 min intervals, an image was taken of the
PCM test cell surface with the infrared camera and compared to measurements
simultaneously made with the thermocouples. The temperatures measured with the

IR camera and the thermocouple measurements are presented as plots of
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temperature against time in Fig.7 (a—d). In all cases, good agreement is seen
between the thermocouples and infrared measurements up to about 40 °C i.e. while
the PCM is solid. Above this temperature, a systematic deviation is seen between
the two sets of temperature measurements suggesting that the liquid state of the
PCM is affecting the temperature measured by the infrared camera, it is possible to
compensate for the difference between infrared readings and the thermocouples

reading to given consistent temperature data sets with an accuracy of 1.0 °C.
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Figure 7. The infrared and thermocouple determined temperatures recorded for a
wall heat flux q"=1295 W/m?.

Results and discussion

To confirm the performance of the developed experimental setup with heating
from two sides, initial experiments were performed to check that melting occurred
symmetrically. Fig.8 presented the measured temperatures with time from the
thermocouples on the heated walls with a heat flux input of 960 W/m? applied to
the left and right sides of the test cell. For all locations at each side, similar
temperatures were recorded confirming symmetrical behaviour. In the early stage
of heating and the initial PCM melting phase (< 60 minutes) the heat transfer is
conduction dominated in the PCM and the heated surface temperatures in the
vertical direction are similar. After 60 minutes, the liquid PCM layer adjacent to
the heated walls increases in thickness and natural convection starts to drive the hot
liquid PCM upwards due to the density difference between the hotter and cooler
liquid PCM. As melting progresses, the fluid circulation continues to grow
increasing the melt fraction. Natural convection becomes dominant and the heat
transfer coefficient from the heated surface to the PCM increases. This means that
the power input is transferred from the wall to the PCM for a smaller temperature

difference and the rate of increase of local wall surface temperature reduced.
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Figure 8. Measured heated wall surface temperatures in the vertical direction for
heat flux, q"=960 W/m>.

The temperatures measured with the thermocouples inside the test cell are
presented in Fig 9 for a heat flux q"=960 W/m?. During the early stages of the
experiment, there is a uniform and moderate increase in the temperatures due to the
PCM being solid and conduction being the only form of heat transfer. From Fig. 9,
it can be seen that when the PCM adjacent to the heated walls is molten convection
develops and the temperatures in the upper part of the test cell are generally higher
than the temperatures in the lower part. The convection currents in the liquid PCM
adjacent to the left and right heated walls result due to the increase in temperature
due to the heat input. The heated less dense liquid rises up the wall and is deflected
at the container top surface prior to flowing down the solid/liquid interface in the
PCM. The left side flow is in the clockwise direction and the right-side flow is
anticlockwise maintaining symmetry. At the solid/liquid interface heat is
transferred from the warm liquid to the cooler solid PCM (causing it to melt) and

cooling the liquid which becomes denser and sinks.
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Figure 9. Measured temperatures at the 12 thermocouple locations within the test
cell with time for a wall heat flux of q"=960 W/m?.

The natural convection in the liquid PCM contributes strongly to the melting
process. As can be seen in Fig. 9 due to the natural convection in the liquid PCM
the melting front progressed much faster at the top of the container than at the
bottom. The slight differences between temperatures measured by thermocouples
T3 and T 33 result due to difficulty in mounting the top thermocouples at exactly
the same location compared to the wall heaters. The pictures of the solid/liquid
interface in the following section confirm the near symmetry of the melting

Process.

Solid/liquid interface tracking

Fig.10 presents photographs taken every 30 minutes during the experiment (with a
uniform wall heat flux of q"=960 W/m? imposed on the left and right walls)
showing the progress of the solid/liquid interface during the melting of RT44HC.
In these photographs, white and black areas represent the solid and liquid phases,
respectively. The symmetrical nature of the melting process can be clearly seen.

From Fig.10 the melting process can be characterizing into four distinct regimes (1)
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conduction dominated melting [30-60 minutes], (i1) mixed convection-conduction
melting [60-150 minutes], (iii)) convection dominated melting prior to left and
right-side flows meeting [150-300 minutes], (iv) convection dominated melting

after left and right-side flows have met [300-480 minutes].

Up to 60 minutes the solid/liquid interface was almost vertical parallel to the
heated plate due to heat transfer being predominantly by conduction. This mode of
heat transfer prevailed while the viscous force was sufficient to suppress fluid
motion (Fig.10 a and b). With the elapse of time, more RT44HC is heated and
melts, the buoyancy force resulting from the increased temperature and reduction
in density becomes sufficient to overcome the viscous force and natural convection
occurs in the liquid region. The resulting convective flow leads to an increase in
melting at the top of the container and an acceleration in the movement of the
solid/liquid interface in this region compared to lower down on the heated wall.
The flow changed direction at the top of the container impinging on the solid PCM
and creating a concave curve at the top of the melt front seen in Fig.10 (c-¢). As
the melting progresses, natural convection intensifies and its effect on the melt
front becomes more pronounced. The increasing curvature of the melt front in the
upper part of the test cell provides conclusive evidence of this effect. The rapid
change in the melt layer thickness at the top results from the flow changing
direction and the hot fluid flowing along the underside of the top surface and
impinging on the solid PCM at the top of the container. In the lower part of the test
cell, the shape of the interface remains almost linear, its angle of tilt increases as
the solid PCM shrinks. This pattern of melting continues until the solid PCM melts

completely.
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Figure 10. Pictures illustrating the melting front propagation in the rectangular
test container filled with RT44HC for wall heat flux of q"=960 W/m? at both
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vertical walls. Black regions represent liquid PCM and white regions solid.

Fig.11 shows the melt front shapes at different times for three wall heat flux
values q"war=1295 W/m?, q"wai=960 W/m? and q"wa=675 W/m?. The volume of
the liquid PCM regions at the top of the test cell grow due to the natural circulation
of the liquid PCM until they unite in the middle and the remaining solid PCM is
left in the middle at the base of the test cell. The remaining solid PCM continues to
melt slowly, as the heated liquid PCM transports thermal energy to the middle of
the test cell. As expected, melt front evolution is nearly symmetrical with similar
profiles produced when different heat fluxes are imposed on both left and right
walls. It can be seen that the melt front advances faster when the wall heat flux is

increased.

Time (@) q"war=1295 W/m? | (b) q"war=960 W/m? | (c¢) q""wai=675 W/m?
(minutes)
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Figure 11. Sequence of photographs showing melt front progression With time for
three wall heat fluxes, (a) q"wai=1295 W/m?, (b) q"war=960 W/m? and (¢) q"wai=675
W/m? (Solid=white, Black= liquid).

It can be seen in Fig.12 that, as the wall heat flux increases, the time for total
melting decreases, due to the increased rate of heat transfer to the test cell. The
increase in power input also led to an increase in the average temperature of both
the PCM and the heating surface. Increasing the input power from 675 W/m? to
960 W/m? to 1295 W/m? reduces the total time for the melting process by 27.27 %
and 43.18 % respectively.
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Figure 12. Melt fraction versus time for three different wall heat fluxes, 675, 960
and 1295 W/m>.

The hot wall temperature was evaluated by averaging thermocouples
measurements along the vertical centre line of the copper wall. Fig.13 shows the
temperature history along the hot wall for the three heat flux values used. It can be
seen from Fig 13 that the hot wall temperature initially increases linearly following
the experiment start-up. This shows that melting is determined by conduction in
the initial stages of the experiments. This initial stage lasts for 40 min, 60 min and
90 min for the heat fluxes of 1295, 960 and 675 W/m?, respectively. The maximum
wall temperatures measured in this stage are 63 °C, 60 °C and 55 °C for the three
heat fluxes. The temperatures of the heated walls then remain constant due to the
onset of natural convection in the liquid PCM. As time progresses, the
temperatures of the heated walls start to increase rising slowly until the end of the

melting process and the experiment.
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Figurel3. The average temperature of the heated walls for the three different wall
heat flux values q"wall=675, 960 and 1295 W/m?.

From Fig.14 it can be seen that by the time all of the PCM melts the average
PCM temperature is 19 °C greater for a wall heat flux of 960 compared to 675
W/m? and is 33 °C greater for a wall heat flux of 1295 W/m?.
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Figure 14. Average PCM temperature for the three different wall heat fluxes of
675, 960 and 1295 W/m?.
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Front wall PCM test cell temperatures measured using an infrared camera

The temperatures measured using thermocouples reflect the temperatures at the
thermocouple beads. To obtain the temperature distribution of the entire domain
using thermocouples would be highly intrusive and influence system behaviour.
An infrared camera was used to unobtrusively measure the temperature of the outer

surface of the polycarbonate test cell.

Fig.15 presents the IR images taken for the three different wall heat fluxes and
illustrates how the temperature profile of the front surface of the PCM test cell
changed during the experiment. Melting starts parallel to the hot walls (Right and
left-hand sides) and progress from the top right and left-hand corners towards the
centre of the test cell. Temperature differences are sufficient to produce clockwise
and anticlockwise convection currents. As time elapses temperatures increases and
the density of the liquid PCM adjacent to the hot walls decreases and the liquid
PCM adjacent to the hot wall rises until it reaches the top of the melt layer.

It then flows horizontally before descending along the solid/liquid interface
reducing in temperature. The change in direction from vertical to horizontal flow at
the top of the test cell leads to the inclination of the temperature contours. It can
also be seen that as the wall heat flux increases the higher temperature of the
descending liquid at the top surface of the melt layer increases the local heat
transfer rate at the solid/liquid interface, melting the top part of the solid PCM

more rapidly.

When sufficient PCM melts the IR pictures show a nearly uniform temperature
region in the upper part of the liquid PCM and a region with a temperature gradient
in the lower part of the liquid PCM. This indicates two distinct regions with

different strengths of convection currents in the upper and lower parts of the test
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cell. Although there is not a sharp boundary between these two regions, they can
be defined by a virtual horizontal surface drawn level with the top point of the
solid PCM. A strong circulation exists in the liquid PCM below the virtual
horizontal surface with a weak circulation in the nearly uniform temperature liquid
PCM above it. The majority of the ascending hot flow adjacent to the heated walls
is drawn to the left and right by the descending flow resulting from the increase in
density due to heat transfer to the colder solid PCM. Change in fluid density at the
hot and cold surfaces generate the strong convective circulation below the virtual
horizontal surface level with the top of the solid PCM. The remainder of the
ascending flow at the heated walls continues to rise until it impinges on the top
surface. Since there is no cool solid PCM above the virtual horizontal surface, the
fluid circulation is not strengthened above the virtual horizontal line. The upper
uniform temperature region at the top of the test cell is confirmation of the very
weak circulation in this area of the liquid PCM. As the solid PCM melts and
shrinks, the virtual horizontal surface descends, and the region of limited fluid flow
grows. This virtual surface eventually becomes coincident with the floor of the test

cell when the solid PCM melts completely [31].
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Figure 15. Infrared images of the front surface of a rectangular cross-section test
cell filled with PCM RT44HC during melting with three different applied wall heat
fluxes.

Fig.16 presents the differences in temperature recorded by thermocouples located
in positions T3 (top of the vertical mid-plane of the test cell) and T 1) (bottom of
the vertical mid-plane of the test cell) and T2y (middle of vertical mid-plane of the

test cell) for the three values of wall heat flux.

In the first 50 minutes, the rise in the measured temperature differences are
similar for all flux values due to conduction in the solid PCM being the main heat
transfer mechanism. At t=50 minutes, the thermocouples in the upper location
show a much greater temperature rise than those in the middle and bottom
locations due to the onset of natural convection in the melted liquid PCM, which
increases the local heat transfer rate between the solid and liquid PCM in the upper
section of the test cell. The value of the increase in temperature difference is an

indicator of the strength of the local heat transfer rate at the solid-liquid interface.
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The higher values of wall heat flux increase the rate at which the temperature
difference is established suggesting a faster onset of convection and a higher rate
of convection at higher wall heat fluxes. When the RT44HC is melted fully, natural
convection increases mixing in the liquid paraffin, leading to the gradual decrease

in the temperature difference.
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Figure 16. Variation of the measured temperature difference recorded by
thermocouples located at position T3 (top) and T,1y (bottom) and T2y (middle)
for three values of wall heat flux.

Fig.17 shows the calculated increase in sensible, latent and total stored energy
within the test cell unit at every 30 min for different wall heat flux values. As can
be seen in Fig.17, the contribution of latent heat to the total heat absorbed is much

greater than sensible heat. As expected for all values of wall heat flux, the
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maximum values of absorbed latent heat are equal since they are a function of the
storage unit volume which is constant for all experiments. It can be observed that
the values of the maximum total energy absorbed change slightly due to the change

of hot wall temperature which is the result of different values of heat flux.
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Figure 17. Calculated sensible, latent heat and total absorbed energy with time in
the PCM test cell for wall heat flux values of (a) q"=675 W/m?, (b) q"=960
W/m?, and (c) q"=1295 W/m?.

In order to characterize the overall heat transfer during melting, the variation of

surface-averaged Nusselt numbers was calculated at various times for the three
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wall heat flux values is presented in Fig.18. The variation of the Nusselt number
indicates the strength of the convective heat transfer changes during the melting
process. In each experiment, the Nusselt number is small initially indicating heat
transfer is conduction dominated when melting initiates, the value of the Nusselt
number increase gradually, later, the length of the solid-liquid boundary reduces
and the Nusselt number reduces for the remainder of the melting process. This
reduction in Nusselt number indicates the weakening of the convective current
which results due to the increase in bulk temperature of the liquid PCM, reduction

in temperature gradient and the reduction in the length of the melting front[32].
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Figure 18. Variation of the Nusselt number with wall heat flux.
Conclusions

The melting of phase change material (PCM) RT44HC has been explored
experimentally in a vertically oriented rectangular cross-section test cell to
understand the effect of different values of wall heat flux on the development of
the melt fraction, PCM average temperature, amount of absorbed energy,

temperature distributions, heated wall surface temperature and the Nusselt number.
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Images of the melting process and the instantaneous temperature distribution at the
vertical mid-plane of the test cell were recorded. The images of the melting process
were analysed using an image processing technique to measure the melt fraction
development with time. The development of the melt front and recorded
temperature distributions were employed to analyse the dominant mode of heat
transfer during the different stages of melting. It was observed, at higher values of
wall heat flux, the average temperature of the heater’s surface and the PCM
increased and the total melting time reduced, this was expected due to the greater
rate of heat input. Increasing the input power from 675 W/m? to 960 W/m? to 1295
W/m? reduces the total time for the melting process by 27.27 % and 43.18 %
respectively. Conduction is the dominant mode of heat transfer during the early
stage of melting which is followed by a short transition period before convection
dominates the remainder of the melting process. The experimental measurements
provide a set of benchmark data suitable for validation of numerical simulation

tools.
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Analysis of Experimental Uncertainty

Experimental uncertainty analysis

To estimate the uncertainty in the results. The uncertainties in the primary
measurements are required. The experimental uncertainty analysis was then

performed based on the methods described in [33]. Assuming that the final results
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are derived from independent variables yi, y>...,yn. The uncertainty of result W is
obtained by appropriately combining the uncertainty of the independent variables

W(yi) as fellow:

K =f(y1:y2:----:yn) (12)

W) = (5, (Lwon)’ (13)

The expected uncertainties in the calculated results, as well as the uncertainties in

the independent variables, are given in Table 3.

Table 3 Uncertainties of measured and calculated variable

Variables (Units) Uncertainty
Height or positions (mm) +0.5
Mass (g) +1.0
Wall or PCM temperature (°C) +0.3
Voltage (volts) 0.05%
Resistance (ohm) +0.1
Heater’s power (W) 0.2
Liquid volume fraction 3.8 %
Heat transfer coefficient (W/m?K) 7.3 %
Nusselt number 7.8 %
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Nomenclature

Ay the cross-sectional area of the hot wall [m?]

C specific heat at constant pressure [kJ/kg K]

f liquid fraction percentage

H Hight of the test cell [m]

hiatent latent heat [kJ/kg]

h heat transfer coefficient [W/m? K]

I electric current [amp]

k thermal conductivity [W/m K]

L length of the heating plate [m]

M mass [kg]

n number of thermocouples

NP, number of pixels with 0 value

44



NP, total number of pixels

Nu Nusselt number

Qsensible sensible absorbed energy [kJ]
Qiatent total absorbed energy [kJ]

q” heat flux [W/m?]

t time (t)

T temperature (°C)

T the onset of melting temperature (°C)
Tm2 the endset of melting temperature (°C)
Tinean mean temperature (°C)

\ volume [m’]

\Y electric potential [volt]

W the width of the heating plate [m]
Greek Symbols

B expansion coefficient [1/K]

u dynamic viscosity [kg/ m s]

p density, [kg/m?]

Subscripts

1 initial

S solid

W wall

Abbreviations

PCMs phase change materials

lig liquid

DSLR digital single-lens reflex
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