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The study deals with the effect of the tube aspect ratio on subcooling and the so-
lidification behaviour of phase change material using the T-history method and is
compared with the differential scanning calorimetry analysis. Three tubes of dif-
ferent aspect ratios, l/d, and a constant length of 178 mm are chosen for this study.
Infrared contour depicts that the inner surface of the glass tube and phase change
materia initiate heterogeneous nucleation. The differential scanning calorimetry
heat flow graph indicates a higher degree of subcooling than T-history method.
The study of aspect ratio with and without insulation shows that the mean value
of degree of subcooling is less in the insulated tube than non-insulated tube due to
reduced cooling rate. The effect of the high aspect ratio is to increase the degree of
subcooling due to increased cooling rate and, however, decrease the sensible heat
discharge time to reach the plateau, t,,.
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Introduction

Nowadays, phase change materials (PCM) are getting significant attention, owing to
store thermal energy in less temperature difference due to their high latent enthalpy. It has a
wide range of applications like in energy-efficient buildings for heating and cooling, solar ther-
mal energy storage, electronic device thermal management, medical equipment’s, and textiles
[1-3]. The PCM should possess desired properties such as a phase change temperature within
the working range, a high specific heat, a high thermal conductivity, less or no subcooling, and
cost-effective [4]. The study of PCM thermophysical properties is crucial and prime requisite
to know the latent heat absorption or phase transition within the application temperature range
together with undesired properties like subcooling, incongruent melting, efc. [5, 6]. Subcooling
is the effect of cooling a material below its equilibrium melting temperature without becoming
solid. When the temperature is low (at any point in a volume), nucleation starts, and the material
begins to solidify, called nucleation temperature, for homogeneous nucleation. For heteroge-
neous nucleation, being started by other substances, e.g., nucleators in the PCM or at container
walls, these are relevant. Further nucleation depends on time.

The PCM is existing in the metastable subcooled state below the melting temperature
and before the nucleation point. The difference in temperature level between the melting and
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nucleation point is the degree of subcooling (DOS). Care should be taken to avoid the subcool-
ing, which affects the storage system [7]. Chen and Lee [8] analyzed the subcooling phenome-
non and freezing possibility of water inside horizontal cylinders and reported that the lower the
coolant temperature or higher the cooling rate, the greater the chance of subcooling. Further the
probability of nucleation was increased by adding nucleating agent into the water. Gunther et al.
[9] developed an algorithm to study the subcooling for simulating applications with low cooling
rates and validated with an experimental study. Taylor ef al. [10] conducted the experimental
characterization of subcooling in inorganic PCM. Found that calcium chloride hex-hydrate salt
exhibits a high DOS and pronounced dependency with the cooling rate. Soloman et al. [11]
studied the various factors affecting the PCM subcooling during the solidification. They report-
ed that subcooling increases with increasing cooling rate and fraction of sensible heat utilized
to raise the temperature from nucleation point to solidification point, which effect to reduce
the latent heat available for application. Gunther et al. [12] performed the experimental study
on subcooling in hexadecane emulsion. It was found that emulsion with the smallest droplet
size exhibit high DOS and emulsion surfactant significant impact on melting and solidification
temperatures.

The T-history method

The T-hystory method (THM) is a non-commercial and in-house experimental meth-
od. Bulk and inhomogeneous PCM samples can be evaluated simultaneously. Zhang et al. [13]
developed THM in 1999 as a calorimetry method. Marin et al. [14] further developed THM by
introducing the enthalpy-temperature curve, which is convenient to measure the PCM proper-
ties and helps compare with differential scanning calorimetry (DSC). Hong et al. [15] improved
accuracy by introducing inflation points as the end of the phase transition range. Peck et al. [16]
proposed the tube placement along the horizontal direction overcome the temperature differ-
ence along the vertical direction due to free convection. Tan et al. [17] examined the factors that
influenced the accuracy and precision of the enthalpy-temperature curve using two diameter
tubes with three different thickness insulation. Tube with a high ratio between the thermal mass
of the sample to the insulation yield low hysteresis and more precision. Sole et al. [18] reviewed
the proposed and advance of the THM for the determination of the thermophysical properties of
PCM. Even though open literature describes considerable improvement in the THM, there is a
lack of significant work on the effect of tube geometry on the subcooling of PCM.

The novelty of this work is to study the effect of aspect ratio on subcooling in THM.
The DOS affects the latent enthalpy of the material and requisite property for the proper design
of the storage system [7]. It is essential to study the correlation between aspect ratio, cooling
rate, sample mass, and subcooling.

Materials and methodology

For this study, commercial PCM OM46 (PLUSS®) derived from a mixture of organic
material has been arbitrarily selected. The data are provided in the certificate of analysis. The
OM-46 has desired properties is shown in tab. 1.

Differential scanning calorimetry

Transition temperature and heat flow properties like subcooling of OM-46 is investi-
gated in the dynamic mode DSC apparatus (Mettler Toledo DSC 1 STAR® System). Tempera-
ture and heat-flow calibration is done with indium at the scanning rate of 10 °C per minute.
Powdered sample OM-46 is weighed, and the sample is then placed in 40 pL aluminum crucible



B, V., R. M., et al.: T-History Analysis of Aspect Ratio Effect on Subcooling ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 1A, pp. 37-47 39

with a pierced lid. This sample is then introduced to a predefined temperature program as to
heat and cool the sample at the rate of 2 °C per minute between 0-80 °C. The inert atmosphere
has been used for heating and cooling of the sample was done by-passing nitrogen as a purge
gas with a flow rate of 20 ml per minute. The sample is retained in an isothermal state for 2
minutes during the start and end of the cycle to achieve the initial steadiness. Isothermal steps
help to reduce temperature lag compensation and also improves the results. The STAR® S.W.
thermal analysis software is used for the evaluation of the heat flow curve.

Table 1. Thermophysical properties of OM-46

Property (solid/liquid) Value
Melting temperature” 48 °C
Freezing temperature” 45°C
Latent heat (48-39 °C)" 196 kl/kg
Specific heat (28 °C/53 °C)” 2.5/2.7 kl/kgK
Thermal conductivity (5 °C/60 °C)™ 0.2/0.1 W/mK
Density (28 °C/55 °C)™ 917/880 kg/m?
Thermal stability™ ~2000 cycles
Maximum operating temperature” 120 °C

"Measured data (DSC), ** Manufacturer’s nominal data [19]
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Figure 1. Schematic of in-house T-History experimental set-up
with three tubes of different aspect ratios

The T-history method

The scheme of the experimental set-up
built in the present work is shown in the fig. 1.
Three borosilicate glass tubes (Wilmad™) are
shown in fig. 2 of the same length, and differ-
ent in diameter were used to study the effect of
aspect ratio on subcooling in THM. In a cooling

: ' - Figure 2. The sample holder of different aspect
experiment, a sample is cooled from the outside.  ratio keeping the length of the tube constant

This causes a temperature gradient in the sam-
ple. The heat transfer coefficient from the ambiance to sample and reference tube is assumed to
be the same at that instant and constant over a small interval of time [20].
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The natural-convection heat transfer coefficient of air outside the tube is 4-5 W/m?K
[13], and the Biot number eq. (1) for lumped system analysis is evaluated [14]:

Bi=2K 0.1 (1)
22
where R is the inner radius of the sample tube, a — the convective heat transfer coefficient be-
tween the tube and the air, and A — the thermal conductivity of the PCM. The respective values
of Biot numbers are tabulated in tab. 2.

The dimension of each glass tube, the mass of the sample, and reference material are
listed in tab. 2. All the tubes satisfy the lumped capacity criteria Bi < 0.1. The RS™ Pro-cal-
ibrated K-type class-I thermocouples of exposed junction and response time are 0.1 second,
placed at the center of each sample, and reference tubes. All the thermocouples are calibrated
with Pt.100 (RTD) temperature sensors having an accuracy of 0.2 °C. O.M. 46 PCM and
distilled water are filled in different diameter tubes (T10S, T5S, and T3S) and reference tubes
(T10R, T5R, and T3R), respectively.

Constant temperature water bath associated with an 800 W heating capacity possess-
ing accuracy of 0.5 °C and temperature regulator manages 5-10 °C temperature range higher
than the typical transition temperature of the particular PCM. A motionless air chamber of the
thickness of 0.03 m (Styrofoam type) is used to cool the specimen without the disturbance of
outside conditions [21]. The provision of heating and cooling of different diameter reference and
sample tubes is carried out concurrently to achieve the uniform heating and cooling conditions.
Each of the PCM samples, reference, and tubes weighed in analytical balance (Contech®-CAI
234) of least count 10 mg and are listed in tab. 2. The program is coded in LabVIEW to monitor
and acquire the temperature-time data using National Instruments™ (NI-cDAQ 9174, N1-9214,
and TB-9214) data acquisition system with the sampling rate of 1 Hz.

Table 2. Details of T3, TS, and T10 tube used in THM

Parameters T10 T5 T3

Outer diameter [mm]" 9.9935 +0.0065 4.97 £0.070 2.99 +0.030
Inner diameter [mm]" 9.070 £0.013 4.20 +0.070 2.41 +0.030
Length [mm]” 178 178 178
Mass of PCM [g] 8.31 1.68 0.55
Mass of reference [g] 9.21 1.8 0.62
Mass of tube [g] 5.44 2.55 1
Aspect ratio (length/inner diameter) 19.6 42.3 73.8
Biot number (Bi < 0.1) 0.05 0.02 0.01

"Manufacturers data’s

The T-history analysis is carried out in two cases, with and without insulation of the
tube. Three repeated trials were performed on all the tubes to check the recurrence and devia-
tion of the results.

Results and discussion

The differential scanning calorimetry

The DSC heat flow curve of PCM OM-46 is shown in fig. 3. The zero slopes of
the heat flow curve signify sensible heat absorption and discharge without a phase transition.
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However, the instantaneous slope changes to in-

finite value revealing the latent heat absorption z 20 T Onset46.2°C

or release at a nearly isothermal state with phase 3 157 *° peakas.1°C
change. Extrapolation onset and the endset tem- % 104 '
perature is used to identify the melting and so- T 5

lidification range of PCM. The heat flow curve 0+ —
from fig. 3 shows the onset melting point, and -5 onsetars <

the crystallization point is 47.8 °C and 46.2 °C, 10 Endset 52.2°C

respectively. However, the corresponding melt- 154

ing and crystallization peaks are observed at 50.2 °C 20

and 45.1 °C, respectively. The DOS evaluated -25
from the DSC heat-flow curve based on the on-
set-onset approach is 1.6 °C [22].
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Figure 3. The DSC heat flow graph of OM-46

The T-history cooling infrared image for heating and cooling run

of the sample and reference tubes
(T10, T5, and T3) at different time span

The melting contour of all the three tubes at different times are captured using infrared
(IR) thermal camera (Testo 865) of accuracy £2 °C as shown in fig. 4. The sample (T10S, T5S,
and T3S) and reference (T10R, T5R, and T3R) tubes were initially at a thermal equilibrium
temperature of 60 °C. The K-type thermocouple is placed at the center of the tubes to monitor
the variation of sample and reference temperature with time. The cooling process is divided
into three regions: start of the cooling process associated with natural convective motion. The
nucleation and phase change process release latent heat and then solidification is dominated by
conduction heat transfer.

The IR image captured at the different cooling time indicates the time required for
temperature reduction in sensible cooling of PCM before solidification is faster than reference
material (distilled water). As the PCM sample undergoes phase change or nucleation, it triggers
the latent heat release at almost constant temperature. At this instant, temperature decrement in
PCM tubes is lesser than reference tubes as shown in the image captured from 300-2500 sec-
onds. A similar effect is perceived in the temperature-time curve of all three tubes is illustrated
in fig. 6. The image captured at 30 seconds indicates that T3R (3 mm reference tube) cools
faster than T3S (3 mm sample tube).

Non-uniform temperature is observed (yellow patches at the centre of T3S, fig. 4)
even the aspect ratio of T3S tube is very high. However, this indicates that the achievement of
the uniform temperature inside the PCM tubes is hypothetical. Due to the density effect of the
PCM, the temperature at the top, bottom, and the portion of the PCM which is in contact with
the inner surface of the glass tube becomes cold spot as shown in the fig. 4 at a different time
interval. It is noticed that in different intervals of IR contour, nucleation triggers form the inner
surface of the glass tube towards the center. Because of adhesion force between the PCM and
the inner surface of the glass tube, the contraction of PCM upon cooling the cavity has been
created inside the tube at the top face of the PCM as shown in the fig. 5. This phenomenon is
regarded as heterogeneous nucleation. Nucleation points are triggered near to the inside glass
surface releasing the latent heat to subcooled liquid PCM to raise its temperature suddenly from
subcooling to the temperature near to the melting point, where the plateau is formed, as shown
in fig. 6. The T3 tubes cool faster and reaches the ambient condition as compared to the T5 and
T10 due to less material.
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Figure 4. The IR image of T10, TS, and T3 tubes at different cooling time

However, the IR image captured at 800
seconds indicates that T3 sample and reference
tubes attain the temperature at lesser than 35 °C.
Similar behaviour observed in T5 tube, but the
cooling rate TS5 tube is lesser than T3 tube due to
the higher radius of the tube and more sample ma-
terial. The T5 reference and sample tubes attain
ambient condition, and it is shown in IR image
captured at 2500 seconds. The image captured at
4500 seconds indicates T10 tube approaches the
ambient conditions.

The T-history cooling without insulation

Three repeated trials had been conducted
Figure 5. The PCM cavity formation inside using tubes of different diameters keeping length
the tube during the cooling process the same, i.e., T10, T5, and T3, respectively.
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Table 3. The DOS mean and standard deviation (SD) for T3, TS5, and T10 trials without insulation

Tubes Trials temﬁgﬁ;ﬁf:; ] Melting temperature [°C] ][)o%? DOS (mean +SD) [°C]
I 44.9 46.5 1.6
T3 2nd 453 46.5 1.2 1.3+0.2
3rd 452 46.5 1.3
I 44.9 46.1 1.2
TS 2nd 45.2 46.2 1.0 1.1+0.1
3rd 454 46.6 1.2
I 44.6 455 0.9
T10 2nd 45.2 459 0.7 0.8 £0.1
3rd 44.9 45.8 0.9

Heating and cooling for all three tubes were carried out in a similar condition, and
observation has been made to study the effect of diameter on subcooling. Even though all the
tubes cooled at similar conditions, from fig. 6, the cooling rate of T3 tubes is higher than that
of TS and T10 tubes due to less diameter and sample mass. The average DOS for three trials
is more in T3 tube is due to the high cooling rate. However, the heat released from nucleating
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points inside the T3 tubes reaches the center of the tube very fast as compared to the T5 and T10
due to less PCM radial thickness between the inner glass surface and the thermocouple point.
Hence the period in T3 tube to raise its temperature from the sub-cooling point to the melting
point plateau is very less. This factor is evident from the temperature-time curve obtained for

all the three repeated trials and is shown in fig. 6. The DOS for the individual trials of all three
tubes and its average value is listed in tab. 3.

The T-history cooling with one layer of insulation

To study the effect of cooling rate on subcooling, T3, TS, and T10 tubes were provided
with one layer of nitrile foam insulation of thickness 3 mm and the trials are repeated with the
similar cooling condition as considered for the tubes without insulation case. In THM, three
cooling trial data of all three tubes were obtained and are plotted as shown in fig. 7.
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The quantitative values obtained from the T-history cooling curve, i.e., nucleation
point, melting temperature, and DOS of three trials, are tabulated in tab. 4. From the calculated
average and SD values, it is observed that DOS is in the order of T3 >T5 > T10.

Comparison of DOS with and without insulation

Quantitative comparison of DOS values in tabs. 3 and 4 yields that DOS is less in
all insulated tubes indicating that the provision of insulation reduces the cooling rate, and the
reduction in the DOS value proves the relation, eq. (2). The hypothetical DOS triangle is shown
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in fig. 8, where the height and base of the triangle indicate DOS and time to reach a plateau, £,
respectively. From figs. 6 and 7, it is observed that the DOS is increasing with an increase in the
aspect ratio (i.e., T3 > T5 > T10). However, the ¢, is decreasing with an increase in the aspect
ratio (i.e., T3 < TS5 <T10). From the analysis of tubes with one layer of insulation, a reduction
is noticed in DOS as compared with the respective tubes without insulation.

Table 4. The DOS mean and SD for T3, T5, and T10 trials with insulation

. Nucleation temperature | Melting temperature DOS DOS (mean +SD
Tubes Trials [°C] P g[oc]p [°C] ([°C] )
1% 45.6 46.6 1
T3 2nd 454 46.3 0.9 1+0.1
3rd 459 47 1.1
1% 46 47 1
T5 2nd 45.7 46.4 0.7 0.8 +0.15
3rd 459 46.7 0.6
1% 45.1 45.6 0.5
T10 2nd 44.8 455 0.7 0.6 +0.1
3rd 452 45.8 0.6

tp\t
(d—Tj aDOS (2)
dt cooling A C

However, the f, has no considerable changes noticed be-
tween insulated and non-insulated tubes during a similar cooling
condition. In insulated tubes, heat exchange is controlled between
PCM and ambient as compared with the non-insulated tubes. The
insulated tube facilitates more sensible heat transfer from nucleation
sites to the PCM around the thermocouple. However, it proves that
insulation affects the cooling rate (d7/df) only. Neither it affects the B M
n}lcleatlon progress nor the releage of s§n51ble heat at the nucleation Figure 8. The DOS
site to reach the plateau or melting point, 7,.. Due to more sample  (rjangle
mass in higher diameter tube, heterogeneous nucleation triggers at
the inner surface of the glass tube take more time to reach the released sensible heat towards
the tube center where the thermocouple is placed. So discharge time or time required to attain a
plateau, ¢, is more in higher diameter tubes, eq. (3). Therefore:

dt or mpatp“t (3)

where d, is the tube diameter, m,— the sample mass (PCM), and #,;,— the time required to reach
plateau or melting point.

Conclusions

In the present study, the effect of aspect ratio on the subcooling of the PCM OM46 is
considered as a potential material for the medium temperature application based on nominal
melting temperature. The following conclusions are made from the present DSC result and
T-history analysis with three different aspect ratio tubes as follows.
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The DOS is more in the DSC heat flow curve due to a higher cooling rate and lesser sample
mass than the T-history analysis.

The IR contour at different cooling times show that T3 sample tube cools faster at a nearly
uniform temperature. Nucleation triggers between the inner surface of the glass tube and the
PCM is due to the adhesion force and is termed as heterogeneous nucleation.

As the diameter of the tube decreases or aspect ratio increase, cooling rate increases, which
in turn affects the high DOS value.

The T-history cooling with tube insulation reduces the heat transfer from tube to the ambi-
ent, i.e., reducing the cooling rate and lowers the DOS.

The increased diameter or the sample mass effects the sensible heat discharge time, £, to at-
tain plateau (melting temperature). However, the reduction in speed of solidification reduces
the temperature level of the plateau. Because of a large fraction of sample mass below melt-
ing temperature, this absorbs more latent heat released by the nucleating site to increase the
temperature of the PCM. This results in the reduction of the latent heat released by the PCM.
For the accurate determination of transition temperature and latent enthalpy of PCM in
THM, it is recommended to use high aspect ratio tubes owing to nearly uniform temperature
inside the PCM. However, high aspect ratio tubes take less tplt. In addition, choosing the
lower cooling rate leads to a significant reduction in DOS.
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