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Abstract

The experimental work evaluated the thermal performance of a new panel design to encapsulate Phase Change Material (PCM)
and compare this with an existing panel commercially available and incorporated within a PCM-Air heat exchanger system. The
analysis was focused on the melting and solidifying time of the PCM within each panel design. It also focused on the thermal load
of the ‘Latent Thermal Energy Storage’ (LTES) of a thermal battery module, each battery module consisting of multiple panels
stacked together with an air gap between each panel. The existing battery modules consisted of 9 panels while the new module has
7 panels, with all panel filled with an industry recognised PCM. The new design battery module is now able to hold 17.5 kg more
PCM than the existing one, resulting in 30% more material than the existing module. The air temperature used for melting and
solidifying was 30°C and 15°C respectively, with a constant airflow of 75 I/s. Tests were carried out first with one battery module
and then with an additional battery module in series and compared with a three-layer-calorimeter test (3LC). The results of the new
design battery indicated an increase in time to melt and solidify the PCM due to the additional material within each battery module.
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1. Introduction

PCM-Air heat exchangers are one of many Thermal Storage Systems (TES) application under constant study and
development [1-4]. The TES consists of a phase change material thermal storage usually integrated into a mechanical
ventilation system; to be referred to as MVS in this study. The equipment uses the principle of thermal storage to store
latent heat in climates where the nights are cold enough to charge (or solidify) the PCM and use it to cool the
environment during the day. In MVS, the Latent Thermal Energy Storage (LTES) is the key of the equipment, which
makes the selection of the appropriate PCM and the encapsulation vital to reach the best performance. Recent reviews
[2—4] point out that a critical component in the PCM-Air heat exchanger is the design of an encapsulation panel and
in particular, the heat transfer channels. One solution is to increase the PCM material but this will result in larger space
requirements or develop a material with higher conductivity but this will increase the final cost of the MVS. Another
solution is to increase the heat transfer rate of the existing encapsulation panel as PCM materials have a lower thermal
conductivity. Santos et al. [5] proposed an optimised design based on heat transfer, pressure drop, cost of production
and ease of manufacturing based on CFD analysis backed by experimental validation. The optimised design was
fabricated and the present paper intends to evaluate the thermal performance of the PCM-air heat exchanger unit with
the new design battery module and compare it with the existing module. The experimental study comprises of the
charging and discharging test and the thermal load test.

2. Experimental setup

The experimental rig consists of a duct with components used from a commercial MVS. The airflow was measured
with an airflow meter (Sensing Precision Balance Master 4250, [6]) and a ventilation system with water heater was
used to provide stable inlet temperatures. The airflow of 75 I/s was used because it is the maximum airflow used by
the MVS during its operational charging period. Datataker DT 80 with the extension CEM20 was used to log inlet,
surface, and outlet temperatures. To ensure that the PCM was fully charged or discharged, 12 thermocouples were
attached on the panel surface (six on the top and six on the bottom) located at the middle of the thermal battery. For
the first thermal battery, three thermocouples were also attached to the bottom and upper panel to analyse if the thermal
battery is charging and discharging uniformly. The results of the first test for both new and existing battery module
confirmed the uniformity in temperature. Due to that, the second thermal battery module have thermocouples attached
only on the middle panel. Fig. 1 shows the test rig with all components used and the configuration of 1 and 2 thermal
batteries used for both existing and new panel test. Fig. 2 presents the test rig mounted.

2.1. Experimental procedure

To estimate cooling and heating load and melting/solidifying time of the existing and new thermal battery,
thermocouples were attached on panels’ surface with a logging interval of 15 seconds. The thermal battery (TB) was
considered fully charged or discharged when temperatures were stable and close to the set point (30 °C for discharging
and 15 °C for charging). The cooling source was the outside air and the charging period takes place from 00:00
(midnight) until 12:00 (noon). The discharging period was from 12:00 (noon) until 00:00 (midnight).
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Fig. 1. Test configuration of 1, 2 and 3 thermal batteries for both existing and new panel
(HTM/LTHW: Hybrid Thermal Mixing/Low Temperature Hot Water)
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Fig. 2. Test rig for melting and solidifying tests
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To analyse the cooling/heating load of the phase change, a control volume was applied for the air (Fig. 3), thus:

Thermal batteries Panel Control volume

(Tin)airt mair
(Tout)airr Myir

Fig. 3. Control volume for cooling/heating load for 1 and 2 thermal batteries
t .
Qc = fo Myir Cpair (Tout - Tin)air dt (1)

t .
Qh = fO Mgy Cpair (Tout - Tin)air dt (2)

Where Q. is the cooling load provided by the thermal battery during the melting period (12:00 — 24:00) and Qy, is
the heating load during the solidifying period (00:00 — 12:00). T}, and T,,,; is the inlet and outlet temperature for each
time step dt (15 seconds); 714, is the airflow measured by the airflow meter (in kg/s) and c,, ;- the heat capacity of
the air. The air properties used were the same as the one applied during the design process (300 K) by Santos et al [5].
For this test, thermal losses were neglected. This procedure is in agreement with several studies in this field [7—12].

3. Results and discussion
3.1. Charging and discharging time

Fig. 4a presents the results for one thermal battery. It can be seen that more time is needed to charge and discharge
the new TB, this is due to the capability of the new TB to hold 17.5 kg (total latent heat of 3202.5 kJ) against 13.5 kg
(total latent heat of 2470.5 kJ) of the existing TB. This 30 % extra PCM made the surface temperature of the new TB
solidify and melt gradually while the phase change in the existing TB (which has a thinner panel) is more pronounced.
Due to that, Fig. 4a clearly shows the onset and endset for both melting and solidifying (20-18 °C and 24-26 °C,
respectively) for the existing TB. When two thermal batteries are used (Fig. 4b), a similar behaviour was found.

In terms of time required to melt and solidify, the TB is considered fully charged or discharged when the surface
temperature achieve stability. From Fig. 4, it is clear that the new TB needs more time to complete the cycle and this
is explained by the capacity that the new TB can hold. However, the time required to solidify is lower than the time
to melt due to the PCM properties. This is an interesting result as the MVS needs less time to charge the TB. For one
TB, 4h is necessary to solidify the existing TB while Sh30min is needed for the new TB, an increase of 38 %. For two
TB, 8h30min is needed to charge the new TB and while 5h is needed for the existing TB, representing 66 % more
time.
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Fig. 4. Solidifying temperature for the existing (a) and new panel (b) with one and two thermal batteries.

When the discharging period is analysed, the new TB is capable of providing cooling for a longer period of time.
This is explained by the additional PCM it can hold. As it can be seen in Fig. 5a, the outlet temperature gradually
increases to reach the inlet temperature. For 1 TB with the existing panel, the TB is completely discharged after
3h30min while the new TB need approximately 6h30min to completely discharge, an increase of 86 %. When a MVS
with 2 TB is analysed (Fig. 5b), the existing TB is fully discharged after 4h30 min while the new TB needs the double
of the time.

This can be confirmed by Table 1 which summarizes the time required and the increase in percentage from new to
existing thermal battery.

Table 1. Melting and solidifying times for one and two thermal batteries

Time (h) Increase (in %)

EP 1TB 35
Melting 86 %
NP 1TB 6.5
1TB
EP 1TB 4.0
Solidifying 38%
NP 1TB 5.5
EP 2TB 4.5
Melting 100 %
NP 2TB 9.0
2TB
EP 2TB 5.0
Solidifying 70 %
NP 2TB 8.5

Santos et al. [5] indicated that the new panel is capable to double the heat transfer when compared to the existing
one. This is an important feature when a faster thermal response is needed. However, Fig. 5 shows that the temperature
for the existing and new TB increase at the same rate until the PCM starts to melt. This could be explained by number
of panels the existing TB have. With two panels more when compared to the new TB, it has 28 % more surface area
and this reflects in an outlet temperature similar to the new TB. For the same reason, the outlet temperature during the
solidifying period in Fig. 4 shows a similar pattern.
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Fig. 5. Melting temperature for existing and new panel with (a) one and (b) two thermal batteries.

3.2. Thermal load
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During the melting and solidifying process, the air was cooled down or heated up to a correspondent cooling (Q )
or heating load (Q,). To estimate those values, equations 1 and 2 were used. The heating and cooling cycle ceased
when outlet temperature stabilises and achieve values close to the inlet temperature. These results are presented in
Fig. 6a and Fig. 6b. Interestingly, the melting test of new thermal battery with one module provides a faster response

when compared to the existing thermal battery and the opposite occurs for two TB. This is probably caused
fluctuations in temperature during the transition from charge to discharge mode and vice-versa.

a 400 ‘ b 600
K [ Melting EP [JMelting EP
300 1TB (W) K
I Melting . 400 Melting 278 (W)
200 O 'V'e't('”g) NP [ Melting NP
— 1TB (W =
200 2TB (W)
2 100 =3
© ©
3 3
= 00 — e — 00
© @
£ €
3-100 @
< o < -200
2200 Solidifying it
Solidifyin
E -400 ying
300 -
-400 -600
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Time (h) Time (h)

Fig. 6. Thermal load for existing and new panel with one (a) and two (b) thermal batteries with error bar showing the uncertainty of 3.7 %.

by

From Fig. 6a, it can be seen that after 4h for 1 TB, the TB is fully melted or solidified as a small amount of energy
is released or absorbed by the TB. For the new TB, 6h30min is needed to complete the cycle and after this time, the
energy released or absorbed by the TB remains stable. A similar pattern occurs with 2 TB (Fig. 6b) where more time
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for solidification was needed. This is explained by 8kg of extra PCM that the two TB are holding, which also results

in more energy stored.
To validate the melting and solidifying test, the results were compared with a 3LC (three-layer calorimetry) test

provided by the manufacturer. The results for both the heat up and cooling are presented in Table 2.

Table 2. Typical properties of the PCM used in the experimental study

Typical value (3LC)  Units

Peak melting temperature 24 °C

Total stored heat, 15°C to 30°C (melting) 218 ki/kg
Peak crystallization temperature 21 °C

Total stored heat, 30 °C to 15 °C (solidifying) 221 kl/kg

The laboratory test with one and two thermal battery was well performed with results being compared with the
3LC test. In the 3LC, the energy stored during a heat up from 15 to 30 °C and cooling from 30 to 15°C are in agreement
to the laboratory tests as it can be seen in Table 3. The results present an average of 105.4 Wh (= 44.5 Wh) or 4.4 %

(£ 6.9 %).

Table 3. Thermal load for melting and solidifying

1 Thermal Battery 2 Thermal Batteries
Melting Solidifying Melting Solidifying
EP NP EP NP EP NP EP NP Average (o)
taboratory g3, 10158 7256 -1066.0 14723  2029.1  -15086  -2336.0
test (Wh)
3LC (Wh) 817.5 1059.7 828.8 1074.3 1635.0 2119.4 1657.5 2148.6
Difference
(Wh) -14.3 43.9 103.2 8.4 162.7 90.4 148.9 -187.4 105.4 (£ 44.5)
Difference -1.7% 43 % 142 % 0.8% 11.1% 4.5% 9.9% -8.0% 9.4 %(+ 6.7 %)

4. Conclusions

Holding 30 % more material per thermal battery, each new panel needs more time to solidify and melt when
compared to the existing panel. With results backed up by a 3LC test, the new thermal battery needs 86% more time
to melt and 38% more time to solidify for 1 TB. For two TB, 100 % more time is necessary to melt and 70% to solidify.
This can be explained by the 30% more material each thermal battery can hold. Furthermore, the existing thermal
battery has 9 instead of 7 panels, representing a heat exchange area 28% bigger than the new thermal battery. This
reduction in panels per battery module will represent a reduction in cost and maintenance for the MVS.
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