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diffusivity of a material by subjecting a sample to a sudden temperature change. This
project proposed PCM36 as a cooling method for PV temperature reduction and the
expected result for this study is to meet the data from manufacturer with a small
different percentage. T-history is introduced to validate the PCM36 latent heat capacity
and melting point and thus compare it with the manufacturer data. The manufacturer
data's latent heat capacity and melting point are 220 J/g and 36 °C, respectively. Based
on the result obtained, the latent heat capacity from T-history is 217.891 J/g and is
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Keywords: 0.9591% different compared with the manufacturer data. On the other hand, the melting
Latent heat capacity; melting point; point based on the T-history curve is in the range of 36 “C-38 °C, which is similar to the
phase change material; T-history manufacturer data.

1. Introduction

The sun's abundant and easily accessible resources make it a highly promising option for thorough
exploration [1]. Solar energy systems prove to be highly useful for both preheating and cooling
applications, as well as electricity generation [2]. Different technologies, such as photovoltaic
systems, can be employed to capture solar energy [3]. The photovoltaic system functions akin to a
typical flat plate solar collector by absorbing sunlight and converting it into electricity [4]. Therefore,
cooling techniques are required such as phase change material for the purpose of cooling down the
PV in order to enhance its efficiency.

Phase change materials are effective and useful because they melt and solidify at specific
temperatures, and thus making them appropriate to control the temperature in a wide range of
applications [5]. PCMs are extensively utilized in solar applications and building and HVAC systems to
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lower energy consumption [6]. Paraffin waxes are widely used as phase change materials (PCMs) for
thermal management in electronics due to their substantial heat of fusion per unit weight, elevated
melting point, and reliable cycling performance [7]. Additionally, they offer non-corrosive and
chemically inert properties [7].

There are multiple approaches available to validate the properties of the PCM, which are
conventional calorimetry methods, differential thermal analysis (DTA) and differential scanning
calorimetry (DSC) [8]. Through the DTA and DSC approaches that have been extensively developed,
an extremely small number of samples with the range of 1-10mg are allowed to be tested. The
obtained results from DTA may be inadequate for accurately predicting the performance of bulk
material for DTA and DSC approaches [9]. The advantages and disadvantages of T-history method are
listed in Table 1 below.

Table 1

Advantages and disadvantages of T-history method

Advantages Disadvantages

Simple and cheap laboratory Long measurement time

equipment

Relatively large test samples (typically ~ Substantial effort required to ensure
dozens of grams) accurate measurement results

Yinping and Yi [8] proposed a T-history approach that enables simultaneous testing of multiple
PCMs for their melting point, degree of supercooling, fusion heat, specific heat, and thermal
conductivity. According to Gopinathan et al., [9] the T-history approach is more appropriate to
analyse a larger sample, as it can provide a more realistic representation of PCM performance in
practical applications. On the other hand, |, Theresa and Velraj [10] found that T-history offers a
superior characterization of PCM compared to DSC analysis, especially for low-temperature PCM.
Besides that, Omaraa et al, [11] presented that the T-history approach can measure the
thermophysical properties of PCM at high temperatures. In the temperature range of 0°C to 100°C,
water is commonly employed as the standard reference material for the testing sample [12,13]. A
few researchers using T-hisory method for the validating of thermal properties of PCM are briefly
summarized in Table 2.

Table 2
Literature review
PCM Manufacturer’s Data / Literature Experimental Data Reference

Specific Heat Heat of fusion Specific Heat Heat of fusion

capacity, (k)/kg) capacity, (ki/kg)

(solid/liquid) (solid/liquid)
RT 28 HC 2 250 1.95/2.38 242.004 [10]
Coconut oil 2.25/3.29 72 2.385/2.42 71.15 [10]
Sodium acetate  2.11/3.68 263 2.26/3.74 245 [14]
Paraffin - 156.8 5.11/2.19 135 [14]
Lauric acid 1.8/2.38 183 2.81/2.14 186 [14]
PCM 34 -/0.56 150 0.215/2.581 151 [15]
RT18 2 260 2.54/5.68 264.32 [13]
Paraffin - 141.08 4.77/6.6 151.65 [12]
Beeswax - 138.18 4.86/8.45 148.71 [12]

This project uses PCM36 as the phase change material. Thus, the latent heat capacity and the
melting point of the PCM36 is validated using T-history method. T-history is a reliable and precise
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approach for measuring PCM's latent heat capacity and melting point [14]. This approach involves
heating the PCM sample at a temperature over the PCM melting point until it melts, then cooling it
down and monitoring the temperature changes over time. The T-history data collected through this
procedure can be used to determine the melting point and latent heat of the PCM [15].

By validating PCM using the T-history approach is necessary to ensure that the experimental
result aligns with the manufacturer’s data. By conducting the T-history testing, any variations
between the actual behavior of the PCM and the manufacturer’s provided data can be identified and
evaluated. This comparison is essential for verifying the accuracy and reliability of the manufacturer’s
claims regarding the PCM’s properties and performance. It allows for a comprehensive assessment
of PCM'’s suitability for specific applications and ensures that the information provided by the
manufacturer is trustworthy and can be used for further analysis and decision-making. In a nutshell,
validating PCM using the T-history method and thus comparing the results with the manufacturer
data can provide valuable information about the material’s thermal properties and help ensure it
performs optimally in specific applications.

2. Methodology
2.1 Sample Preparation

Before launching the validation process, preparing the requisite materials and apparatus is
imperative. Table 3 shows the list of materials and apparatus needed for this project.

Table 3

List of material and apparatus for T-history method

Experiment Material Apparatus

T-history method (To PCM36 Glass tube

validate the latent heat Water Beaker

and melting point of Retort Stand and Clamp
PCM 36) Snowrex BBA 600 Balances

Elma-Ultrasonic S 60 (H)
Thermocouple Type K
PicoLog TC-08
Laptop-Data Acquisition

Using material samples with appropriate diameters and measurements for testing is essential.
The volume for the PCM36 and water used in the T-history approach (Figure 1) will depend on the
measurement of the glass tube used. By referring to the experiment conducted by Gopinathan et al,,
[9], the measurement of the glass tube used is 180, and the PCM and water required volume is
around 25.4g and 15.4g, respectively.

Since the size of the glass tube which only available in the chemical lab is 150mm, thus the volume
for PCM36 and water need to be calculated by using the Eq. (1). The measurement of the glass tube
filled is 112.5mm, and the volume for water to be filled in the glass tube is 35cm?. Since the density
for both PCM36 and water is different, to find the mass of the PCM36 required to achieve similar
volume with water is determined by using Eq. (2), all the findings are summarized in Table 4. Figure
2 shows the volume of PCM36 needed in this project.

Length of test tube filled _ Length of test tube filled (new)
Length of test tube - Length of test tube (new)

(1)

Mass of PCM required (kg) = Volumn for water (m®) x density of PCM (2)
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Thermocouple

Laptop

% \

[ PCM

Fig. 1. Schematic diagram of T-history method

PicoLog TC-08  *vater

Water Bath ——»

Table 4

Volume and dimensions for PCM36 and water

Material Density Mass Volume Measurement of the glass Measurement of the glass
(kg/m?) required (g) (cm?) tube (mm) tube filled (mm)

PCM36 827.51 29 35 150 1125

Water 997 35 35 150 112.5

Fig. 2. Volume of PCM36

2.2 Experiment Part

The PCM36 is in a solid state in the initial stage. Water act as the reference material with known
thermal properties. The utilization of water as a reference material holds significance due to its well-
established specific heat and latent heat of fusion values. These known properties of water are
instrumental in calibrating the T-history approach, enabling precise measurement of the thermal
properties of the phase change material (PCM). By referencing against water, the accuracy of the
measurements can be ensured and the reliability of the results can be enhanced. In the T-history
approach, the PCM36 and water are heated to a temperature higher than the melting point To, where
To> Ti (T was the phase-transition temperature) [7]. The heating process uses the ElIma-Ultrasonic S

60 (H). Figure 3 shows the melting process to make the PCM36 change to the liquid stage from the
solid stage.
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. —
Fig. 3. Melt the PCM into the

liquid stage

The T-history approach is initiated by placing the glass tubes vertically at a constant temperature
bath. The purpose of this method is to monitor and record the temperature changes experienced by
the sample over time. Both glass tubes are then removed from the hot water tank and allowed to
cool to ambient temperature, T, [16]. For this project, the ambient temperature,Ta is 24.56°C. The
positioning of the thermocouple is crucial for temperature detection. It impedes solidification growth
while the thermocouple is fully embedded [17,18]. The solidification growth occurs due to the
thermal sensing element of the thermocouple accumulating heat. Therefore, the thermocouple is
placed at a depth of 35mm inside the PCM36 and position symmetrically along the axis of the glass
tube, initially surrounded by water. Figure 4 shows the experimental setup for the cooling process at
ambient temperature (Ta=24.56°C).

L =

PicoLog TC-08 and

Test tubes with water
and PCM

Fig. 4. Experiment setup
The temperatures of the glass tubes and the surrounding atmosphere are measured

simultaneously, and resulting T-history curves, depicting the variations in temperature over time for
both PCM36 and reference material, are obtained. The T-history curves are analyzed to assess the
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behavior of the PCM36 and the reference material under the given conditions. Figure 5 shows the
cooling curve for both PCM and reference material [19].

Tn, T
To |-+ » = s Reference Material
=== Phase Change Material
T, |
T [ z
t, t, t,, t

Fig. 5. Cooling curve for PCM and reference material [20]

2.3 Calculation Part
2.3.1 Cooling cycle

The data from the Excel file is then converted into a graph, and the graph is divided into three
behaviours that are liquid, phase change, and solid. The area under the graph from these three
behaviours is then calculated to determine thermal properties. Table 5 shows the equation for PCM
and water to determine the area under the graph.

Table 5
Equations to determine the area under the graph
Material Behaviour Temperature range Time range Equation
PCM36 Liquid To- Tm1 to- tm1 tmd
A = f (Tpem(t) —Ty) dt
to
Phase Change  Tmi- Tm2 tmi- tm2 tm2
A = f (Tpem(t) — Tp) dt
tmil
Solid Tmz- Tm3 tm2- Tm3 tms3
Az = f (Tpem(t) — Tp) dt
tm2
Water Liquid To- Tm1 to- tr

a= [ @o-tya

Liquid Tmi- Tm2 Tri- tr2 e
a'= [ @mo-tya

trl

where Tmi represents melting or freezing temperature for PCM36, T, represents the maximum
temperature reached by the sample, T m2 represent the temperature for solidus or freezing, and Tmz
represent the solidification end temperature reached by the sample.
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2.3.2 Thermophysical properties analysis

The temperature measurements recorded over time are plotted, resulting in the generation of
cooling curves. The analysis of these curves aids in determining the freezing and solidification
temperatures, the phase change region, the latent heat of fusion, and specific heat capacity. These
values can be determined using the empirical relation described in this section. The freezing and
solidification cycles provide valuable insights into the loading and unloading of thermal energy in
practical applications involving PCM. The mathematical model of the energy equations presented by
Hong et al., [13] is employed to calculate the latent heat and specific heat capacity.

Zhang et al., [20], Khudhair and Farid [21], Tabares-Velasco et al., [22], and Bony and Citherlet
[23] provide the energy equations, specifically the modified T-history method, for the organic PCM
in its liquid, phase change, and solid behaviour. These equations are utilized to calculate the
thermophysical properties of the selected PCM, taking into account the known properties of the
distilled water and the glass tube. The energy equation of the PCM is shown in Eq. (3) to Eq. (5).

(mtcp,t + mpcp,l)(TO — Tg) = hA A, (3)
myH,, = hA A, (4)
(mtcp,t + mpcp,s)(TS — T,) = hA A3 (5)

where m; represents the weight of the glass tube, ¢, ; represents the mean specific heat of the glass
tube material, m, represent the weight of the PCM36, c¢,,; represent the mean specific heat of
PCM36 in liquid behaviour, c, s represent the mean specific heat of PCM in solid behaviour, h
represents the convective heat transfer coefficient, H,, is the latent heat of fusion of the PCM36, T;
represent the sample temperature, A, represent the area of the tube with PCM36 and water when
convection occurs, and A, represents the area under the curve for PCM36.

In fact using the Eq. (6), the natural convective heat-transfer coefficient of air outside a tube, h
can be obtained. Eq. (6) and Eq. (7) present the energy equations for the water.

(mtcp,t + mwcp,w)(TO - T) = hA A, (6)
(mtcp,t + mwcp,w)(Ts -T) = hA A, (7)

where m,, represents the weight of the water, ¢, ,, represents the mean specific heat of the water,
and A, represent the area under the curve for water.

The Biot number calculation is performed to verify the uniform heat distribution within the
sample. Furthermore, a detailed analysis is conducted to determine the specific heat, latent heat,
and thermal conductivity calculation of the PCM. The Biot number was defined as the Eq. (8).

__ hr

B: = —
L]

(8)

where r represents the radius of the glass tube, k represents the thermal conductivity of the PCM,
and h represent the atmospheric free convection heat transfer coefficient.
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Thus, the mean specific heat of PCM36 in both liquid and solid behavious can be written as Eq.
(9) and Eq. (10), respectively. With the supercooling, the latent heat of fusion for PCM36 can be
calculated by using the Eq. (11).

_ MmeCp,t+MwCpw Ay Mtpem

Cp; = c 9
1 Mpem Ay Mpem p,t ( }
MtCp ¢t +HMy € A m
Cp < — t p,t W 'p,W_3 _ t,p(.‘m Cp . (10}
4 Mpem Al Mpcem !
_ mep’w“l‘thp,t A
Hm - _Z(TO - Ts) (11)

]
Mpem Ay

For PCM36 without supercooling, the expressions for ¢, ; and ¢, s will remain the same as Eq. (9)
and Eq. (10), but the heat of fusion will be rewritten as Eq. (12).
_ mwf.'p’w"rmt(.'p’tﬁ

Hy, = TR (T, 7, ) — TepE T ) (12)

Mpcm A Mpcm
3. Results and Discussion

The T-history method determines a material's specific heat and latent heat capacity under test.
It involves comparing the heat release behaviour of PCM36 with water. By analysing the duration and
heat release patterns, a calculation can be performed to quantify the specific heat and latent heat
capacity of the PCM36. The T-history curve that obtained in this project is shown in Figure 6 below.
The specific values for the x-axis and y-axis are shown in Table 6 below.

Picolog T-History May 17, 2023 1253 PM

\TO

PCM —_

"\ Reference =——

.
Saa
‘‘‘‘‘

t0 tml trl tr2 tr3 tm?2 tm3

Fig. 6. T—history curve for this project
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Table 6
Specific values for temperature (T) and time (t)

Temperature, (T) Value, ("C)  Time, (t) Value, (s)
T0 Initial Temperature for 62 t0 Initial time for PCM36 and 0
PCM36 and water water
Tml Temperature of 37.9 tml Solidification starting time for  0.178
solidification for PCM36 PCM36
Tm?2 Temperature when the 33 tm2 Solidification ending time for ~ 4.96
solidification process end PCM36
for PCM36
Ts Similar to the temperature 33 tm3 End time for PCM36 1.77
of phase change ending of
PCM36
Te Temperature end for 29 trl Time for water parallel with 1.88
PCM36 and water the solidification starting time
for PCM36
tr2 Time of water parallel to the 2.83

solidification ending time for
PCM36

3.1 Calculation Part
3.1.1 Cooling cycle

The area under the graph from these three behaviours is then calculated to determine thermal
properties. Table 7 shows the area under the graph for PCM36 and water.

Table 7
Area under the graph for PCM36 and water
Material State of Temperature Time range Results Equation
substance range
PCM36 Liquid 62°C-37.9°C 0- 780s 18516.06 y = 1E-11x* - 2E-08x? + 4E-
(335K-310.9K) 05x% - 0.0519x + 335.06
PCM - Liquid
340
335
= 330
% 325
g 320
G
& 315
310 y = 1E-11x" - 2E-08x" + 4E-05x" - 0.0519x + 335.06
305
0 100 200 300 400 500 600 700 800 500
Time, s
Phase 37.9°C-33°C 780- 4960s 45946.3 y = 5E-11x% - 3E-07x? -
PCM36 Change (310.9K-306K) 0.0007x + 311.66
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PCM - Phase Change
312
311
310
309

308

Temperature, K

306

y = 5E-11x* - 3E-07x - 0.0007x + 311.66
305

0 1000 2000 3000 4000 5000

Time, s

6000

PCM36  Solid 33°C-29°C (306K-  4960- 7770s
302K)

PCM - Solid
306.5

305.5
305
304.5

3035
303
302.5
302 y =-4E-11x + 6E-07x" - 0.0042x + 316.9
301.5

Temperature, K

18243.89

y = -4E-11x2 + 6E-07x2 -
0.0042x +316.9

0 1000 2000 3000 4000 5000 6OOD 7000 8OO0 5000

Time, s

Water Liquid 62°C-33°C (335K-  0- 1880s
306K)

Reference - Liquid

335
330
325
320
315
310
305

Temperature, K

y =-2E-09* + 1E-05x* - 0.0316x + 335.25

0 500 1000 1500

Time, s

30916.59

y = -2E-09x2 + 1E-05x? -
0.0316x +335.25

2000

Water Liquid 33°C-29°C (306K-  1880-2830s
302K)

PCM - Solid
306.5

305.5
305
304.5

303.5
303
302.5

Temperature, K

y =-1E-10x* + 3E-06x” - 0.0146x + 325
3015

0 500 1000 1500 2000 2500

Time, s

8133.4

y = -1E-10x* + 3E-06x2 -
0.0146x + 325
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3.1.2 Thermophysical properties analysis

In fact using the Eq. (6), the natural convective heat-transfer coefficient of air outside a tube, h
can be obtained. To evaluate the thermal properties of PCM36, the Biot number must be determined
to determine whether the temperature distribution is uniform or lumped capacitance method can
be used. Biot number can be obtained from Eq. (8) after determining the h value. Eq. (9) and Eq. (10)
will be used to evaluate the latent heat of fusion for PCM36 at liquid and solid behaviour. For PCM36
without supercooling will be evaluated by Eq. (12). All these thermophysical properties analysis are
based on the data of dimension and properties shown in Table 8 below. All the thermophysical

properties finding will be summarised in Table 9.

Table 8
Dimension and properties
Properties Value Unit
Diameter of glass tube, D 0.024 m
Measurement of glass tube, L 0.15 m
Convective area, Ac 0.00984 m?
Weight of glass tube,m: 0.042 Kg
Weight of PCM, mpcm 0.029 Kg
Weight of water, mw 0.035 Kg
Weight of glass tube filled with PCM, mt, pem 0.071 Kg
Weight of glass tube containing of water, myw 0.077 Kg
Specific heat of water, Cow 4181 [24] I/kgK
Specific heat of tube, Cpt 830 [25] I/kgK
Table 9
Thermophysical properties
Properties Value Unit
Natural heat transfer coefficient, h 11.9153 W/m?ZK
Biot number 0.2979 -
Specific heat of PCM36 in liquid behaviour, Cp, 2539.943279 J/kgK
Specific heat of PCM36 in solid behaviour, Cp,s 12812.94468 J/kgK
Latent heat of fusion of PCM36, Hm 217.891 g
Percent Error, % 0.9591 1%

3.2 Discussion

This project aims to validate the PCM36 melting point and latent heat capacity with the
manufacturer’s data. The thermal properties of PCM36 from manufacturer is shown in Table 10

below.

Table 10

Dimension and properties

Properties Value
Melting point 36°C

Heat of fusion 2201/g
Specific gravity 0.83
Thermal conductivity 0.24 W/mk

Thermal cycling

Multiple more than 10000 cycles
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Based on the observation of this experiment, the freezing point of the PCM36 is in the range of
36°C to 38°C, which is similar to the melting point given by the manufacturer’s data. The latent heat
of fusion obtained by the T-history is 217.891 J/g, while the data given by the manufacturer is 220
J/g. Thus, the latent heat of PCM is considered close to the data, which only gives a 0.9591%
difference.

In the previous paper, the Biot number less than 0.1 is recommended. The natural heat transfer
coefficient,h recommended to achieve this about 5 to 6 W/m?2K [9]. But the Biot number for this
project is 0.2979. Several variables can cause the difference, such as the dimension of the glass tube
and the natural heat transfer coefficient, h. The natural heat transfer coefficient achieved in this
project is 11.9153 W/m?K which is higher than the recommended value. On the other hand, due to
the limitation of the glass tube, the glass tube available for this project has a dimension of 0.024m,
but the previous paper used a 0.0104mm diameter [9].

4, Conclusions

Validating PCM using the T-history approach is necessary to ensure that the experimental result
aligns with the manufacturer’s data. By conducting the T-history testing, any variations between the
actual behavior of the PCM and the manufacturer’s provided data can be identified and evaluated.

Although the Biot number for this project is 0.2979, higher than the recommended value. This is
due to the dimensions of the glass tube used and the natural heat transfer coefficient. But while
comparing the melting point, PCM36 is within the range of 36°C to 38°C, which achieved the same
melting point given by the manufacturer’s data. According to the latent heat of fusion, the result
obtained from the T-history is 217.891 J/g, which achieved a 0.9591% difference compared with the
manufacturer’s data. In short, the T-history approach has successfully validated the melting point
and latent heat of fusion with deviation less than 1% from the manufacturer’s data.
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