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Abstract 4

Paraffin is well known thermal energy storage with the high latent heat of fusion. Unfortunately, low thermal conductivity and
low melting lemperainhibil large-scale applications for lower temperature applications like solar water heaters and desalination.
The addition of high thermal conductivity material can increase the thermal conductivity of paraffin and increase the melting tem-
perature of paraffin. In this study, a new approach is taken by using volcanic sand as thermal conductivity enhancement material.
The properties of the sand are examined. The chemical composition of the sand is dominated by Fe (51.23 %), Fe,0, (23.24 %) and
S105 (11 %), which are known as good thermal conductivity materials. Six different compositions of paraffin/sand (weight ration)
are tested to observe the melting and vapor temperature of the composite. Adding sand (with granule size of 44 um) by 30 wt %
can accelerate the charging rate by 25 % compared to pure paraffin, where the discharging rate is increased significantly by 17.8 %.
The supercooling degree of the composite is only 1 °C, where pure paraffin has a supercooling degree by 8 °C. The charging and
discharging characteristics for each sample are discussed in detail within the article. Overall, the addition of volcanic sand improves
paraffin’s charging and discharging rate, reducing the supercooling degree and can be considered a convenient method to improve
the paraflin performance as latent heat storage.
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1. Introduction

Paraffin-based phase change material as thermal energy storage is highly recommended
for low temperature application because it is safer, more stable, non-corrosive, has a reasonably
wide tempergffre range (5-80 °C) and low price [1-3]. The main challenges of applying paraf-
fin as PCM (Phase Change Material) are low thermal conductivity and low enthalpy of phase
change [4-6]. An alternatigEJolution to improve the nature of paraffin as thermal energy storage
is through integration with sensible heat materials, such as water, sand and rocks. The application
of sand 1s recommended because it has good thermal conductivity, abundant availability and eco-
nomically feasible [7].

Many studies were ddf# in order to improve the performance of paraffin-based PCM for
thermal stor@E] applications. The improvement for the thermal conductivity of PCM by using im-
proving the composite phase change material paraffin wax (RT60) and graphite (GNP) [8]. The
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improvement is also done by using polyaniline to impm\*aw thermal reliability [9]. Another method
is done by using aluminum by 8 % w/w can increase the thermal conductivity up to 0.63 W/mK [10].

The addition of adgB§ve material can be considered as an easy and cheap method to improve
paraffin performance in thermal energy storage. For lower temperature applications, the addition
of sensible heat material like water, rock and sand is considered as the easiest and cheapest way
to enhance the paraffin performance [11]. The recommended working area for sensible-PCM as
thermal storag@F@in the solid-liquid transition phase, rather than the liquid-vapor or the solid-solid
phase [12-14]. An experimental study is conducted to evaluate the performance of composite sen-
sible-latent storage for hot water applications by utilizing commercial paraffin grade and hydrate
salt mixture and found that the heat storage capacity is increased for the system [15]. Furthermore,
a combined sensible-latent material could be used to overcome the weakness of PCM material [16].
However, in most cases, it leads to another problem, such as higher cost and material compatibili-
ties issues. Therefore, these barriers must be taken into account in the addition of sensible material.
The addition of sensible material should be appropriately taken because it will decrease the
total amount of the paraffin incorporated in the PCM and thus, the overall thermal capacity will
be reduced. From the previous studicffhe maximum amount of the additive in the PCM should
be equal to or lower than 50 % [17]. Sand is considered as a well-known sensible thermal stor-
age material. The application of sand is recommended because it has good thermal conductivity,
abundant availability and low cost [18-20]. There are no detailed reports for the type, properties,
chemical elements and grain size of sand for paraffin as thermal energy storage. Furthermore,
when the sand is added into PCM, the mass fraction between sand and PCM should be stated clear-
ly, including the mass fraction between sand and PCM [21].

Among the various types of sand, in this study, let’s use the sand from volcanic ash. The
main reasons for choosing the volcanic ash are the bulk size of the sand generally more refined
which 1s suitable for microencapsulation [22] without an extended process for particle size reduc-
tion [23] and vast availability in Ifff@inesia. The objectives of our study are to study the effect of
adding sand into paraffin mixture with respect to the thermal performance of the PCM, especially
for the supercooling degree, charging and discharging rate (time and temperature range). When the
all thermal performance is obtained, it can be used as specific reference for the application of PCM
in thermal storage application [24-31].

2. Materials and methods

2. 1. Materials preparation

The sand from volcanic ash has no Material Safety Data Sheet (MSDS) and needs to be
examined to acquire its properties. Obtaining a uniform sand size will facilitate the process of
testing the intensive nature of the sand; thus, the test is started with screening the particle size
to get a uniformed size before the further test. Sand (100 grams) is screened by using the sieve
method (Malvern 2000, NIST 906—1) with the targeted size is 74 um and 44 pm. The inten-
sive test is designed to determine the density of the sand. The chemical composition is exami-
ned through atomic absorption spectroscopy (Shimadzu Atomic Absorption Spectrophotometer
AA-6300, ASTM D 4691-17) to acquire the chemical compositions of the sand; then, a small portion
of each size is tested independently for the density (Quantachrome Instruments Ultrapyc 1200e,
ASTM D-1298). By using a standardized test, let’s expect to get a better standardized for the sand
characterization before adding into the PCM. The paraffin wax used in this test is the paraffin wax
market grade 155/160 (CAS: 8002-74-2).

Particle size screening of the sand is carried out at the beginning to obtain a homogenous
grain size for the process by using a particle size distribution apparatus. The screening results
show there is 39.65 % from bulk material has size 74 pm and 41.78 % of 74 pm material has a size
of 44 pm. The result shows a good indicator that without having any mechanical modification, it
can be obtained 39.65 % of the minimum targeted size (74 um) of the bulk material. It means there
is no need for extra cost for processing the bulk volcanic ash to the targeted size. The density for
each size is 2.78 g/ce for 74 pm and 2.76 g/ee for 44 um. The density of 44 um is lower than 74 pm
because as the grain size decreases, the surface area decreased as well. The sand that is used in this

4

Engineering




Original Research Article:

(2022), «<EUREKA: Physics and Engineering»

e Number 1
research is categorized as volcanic ash sand, which contains various chemical elements. The atomic
absorption spectrophotometer is used to map the details of the chemical composition of the sand.
Fig. 1 shows the composition of the chemical composition of the sand.
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Fig. 1. Chemical composition of the sand
2. 2. Experiment Method
After examining sand, six different samples were prepared according to the mass fraction
and also the particle size of the sand (Table 1). Each sample has 20 grams of mass. The sand is
added to liquid phase paraffin and mixed carefully to ensure proper distribution within the sample.
Table 1
The details of the sample
Sample Paraffin (wt %) Sand (wt %) The particle size of the sand
So 100 0 -
s, 00 10 74 um
S 90 10 44 um
S 70 30 74 um
S 70 30 44 um
Ss 50 50 74 um
S 50 50 44 um

The prepared sample was tested by using a heat exchanger model regenerator with in-
ternal tube forffleat transfer fluid for charging the sample. The heating rate was maintained at
a constant rate to monitor the temperature and phase change of the sample. From the charging test,
initial melting temperature (7,,,.;), the saturated melting temperature (7Tp,,.;,). the initial vapor tem-
perature (T,,,), the duration for each temperature changes are obtained and taken as total charging
time. The charging test is limited to the initial vapor point (7,,,) by considering the application
of the material for unpressurized bed storage to minimize the cost of the bed storage. For the
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discharging test, the sample was placed at monitored room temperature and cooled down with
natural convection. The natural convection for discharging is chosen to minimize the error in tem-
perature reading when the sample is solidifying as it is affected by the supercooling phenomenon.
The initial solidifying temperature (7., the saturated solid temperature (7r,./), ambient tempera-
ture (7,,) and total discharging time are obtained from this test. Despite how careful the measure-
ment is conducted, the deviation of temperature measurement should be considered specifically
for thermal inertia on the sample, the deviation of the apparatus for the temperature measurement
where the average deviation is +0.532 °C.

3. Results

3. 1. Results of charging test

The paraffin undergoes three times of phase transition along the charging process namely
solid to initial liquid phase (sensible stage 1), initial liquid phase to saturated liquid (phase change
transition), and saturated liquid to the initial vapor point (sensible stage 2). Time and temperature
are using to plot the graphical model as time versus temperature function to present the phase
change at each transition. Fig. 2 shows a graphical presentation for the time vs temperature changes
for the performance of pure paraffin.
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Fig. 2. The time vs temperature changes for pure paraffin during charging

During charging processes, the paraffin experienced two sensible heat (red sloped line),
and it shows that the sensible heat under liquid phase to reach initial vapor point (T, to Ti,p,)
takes longer time (22 minutes) compared to sensible heat under solid phase (T 10 Ther) which
just takes 10 minutes. It is clear evidence that during the liquid phase, the paraffin has lower ther-
mal conductivity than the solid phase, which affected the heat transfer process. It can also be seen
during phase change transition (brown plateau line) the time required to reach a saturated melting
point (T, from the initial melting point (7,,.,) is increased as well. From the experiment, it
found that the total charging time for 100 grams pure paraffin to reach the initial vapor point (T,
at 119 °C takes 52 minutes.

Once the characteristic of pure paraffin during charging and discharging has been obtained,
the other samples (Table 1) were tested by the same method. Fig. 3 shows the charging test where
all the essential parameters from the test were summarized within the figure.

All the samples have the same characteristic that none of the samples experienced fully la-
tent heat during phase change. After the sample reach melting temperature (7,,,.,), the temperature
within the sample increase slowly (black dashed I§). which indicates that the latent heat from par-
affin and sensible heat from sand occurs (partial phase change) [22]. The duration of partial phase
change is getting shorter as the sand concentration increased. From the data in Fig. 3, it shows
that all the samples are reached the initial melting temperature between 9-10 mins at 61-63 °C,
which just slightly different from pure paraffin. In contrast, the tofg} charging time and the vapor
temperature (7,,,) vary from pure paraffin. The vapor temperature of the composite PCM is higher
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than pure paraffin, with the highest vapor point is reached by Sy at 127 °C, and the other sample
is 125 °C except for the Sy at 121 °C.
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Fig. 3. Charging test for all composite sample

3. 2. Results of discharging test

During discharging (Fig. 4), it can be seen that the discharging for pure paraffin is too slow
and takes 225 minutes to reach room temperature (7). A longer discharging process makes the
paraffinis kinetically unfavorable, and it indicates that the power rate of pure paraffin is low, which
undesirable for the application. Furthermore, the solidification is started at 54 °C where the melting
process occurred at 62 °C; thus, theffpercooling phenomenon takes in place. The supercooling
phenomenon should be avoided for phase change material application because the phase change
of the material is hard to gfijlict, and the energy released could be far from as expected. The main
factor of supercooling in paraffin is due to the low kinetic nature of paraffin during solidification
and makes the nucleation and crystal growth slower at occurs at a lower temperature.
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Fig. 4. The time vs temperature changes for pure paraffin during discharging

The characteristic of the composite samples during discharging provides much valuable infor-
mation and is shown in Fig. 5. Some important keys can be obtained from the discharging test. The
required time for the samples to reach initial solid temperature (7,) during initial solidifying (thin
line) is relatively the same, but it varies significantly during a partial phase change (dashed line)
from T, to Tgy,; and cooling time from Tg,y to T, (thick line). The temperature decreased faster
for the sample with larger sand particle size (S, S; and Ss) rather than smaller particle size (S5, Sy
and Sg). Larger particle size (74 pm) has a higher density compared to 44 um and it affects the
temperature distribution within the composite and accelerated the heat releasing from the material.
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Fig. 5. Discharging test for all composite sample

The saturated solid temperature (7, is indicated when the temperature decreased sig-
nificantly until room temperature (thick mark, 7). Compared to the data from charging (Fig. 3),
it is observed that the saturated solid temperature for discharging is lower than the melting tem-
perature (7,,.1;) during charging, which is marked as a supercooling phenomenon.

4. Discussion

The initial step needs to be done is examine the volcanic ash. The examination is fo-
cuscdglp the chemical composition of the sand. Experimental testing is conducted by mixing
sand and paraffin as a composite phase change material. The mass fraction and sand grain size
are used as the variations of the composite. The experimental results of the composite provide
the charging and discharging rate at specific time and temperature, where it can be analyzed to
determirfffhe supercooling effect. Thus, the effect of the sand in paraffin as composite PCM can
be made based on the chemical composition of the sand and the experimental result, and it can be
used as a reliable reference for the development of composite PCM as excellence thermal ener-
gy storage.

Pure paraffin has a low thermal conductivity so the temperature increment during charging
process is slow. Fig. 2 shows obviously that the pure paraffin during charging has three different
phase transitions where the melting temperature occurs at 62 °C within 52 ll'lil'lLai, The addition
of volcanic sand for all composite samples able to increase the charging rate of pure paraffin.
It can be observed from Fig. 3 where the charging rate becomes faster which makes the charging
performance offfjaraffin is increased as the presence of sand. The compositions of volcanic sand
are dominated with high thermal conductivity material which help to accelerate the heat transfer
process within the composite. Adding 50 wt. % of volcanic sand able to improve the charging rate
significantly where the vapor temperature is reached within 36 minutes. The melting temperature
for all composite samples is relatively same as the melting temperature of pure paraffin. According
to that, the addition of sand is only increasing the charging rate with a minor effect on melting tem-
perature. Besides, the mushy region is observed for all composite samples which indicates partial
phase change is occurred.

During discharging, the effect of low thermal conductivity on pure paraffin is observed
clearly. It takes 225 minutes for pure paraffin to release the stored heat energy from temperature
119 °C to 30 °C. Phase transition of pure paraffin during discharging (Fig. 4) is longer which in-
dicates unstable phase transition is occurred. The addition of sand able to reduce the drawbacks of
low thermal conductivity on paraffin where the discharging performance for composite samples is
generally better with a faster discharging rate (Fig. 5). The mushy region is also observed during
discharging which helps to shortened the phase transition. Even though there is an anomaly for Ss,
the others composite shows an identical pattern which more sand contains on the paraftin able to
accelerated the discharging process.
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The addition of sand which consists of high thermal conductivity materials able to improve
the charging and discharging performance of pure paraffin. It helps to promote a better power
rate which i§Xsirable for most application of latent heat storage. High power rate of latent heat
storage able to reduce the charging and discharging time which is ideal for the application of latent
heat storage, particularly for temperature sensitive application like thermal management system.
The addition of sand able to reduce the supercooling phenomenon which is undesirable. S; has
the lowest supercooling degree, which only 1°C. Low supercooling degree provides a suitable
temperature prediction for the application and makes the system more reliable since the system
can work precisely.

It shows that the addition of volcanic sand to the paraftin as latent heat storage is advantageous.
The overall performance of pure paraffin is increased depends on the ratio which helps to set
a specific characteristic. Nevertheless, adding volcanic sand as thermal conductivity enhancement
is decreased the thermal capacity since it works based on temperature gradient. Therefore, it is
important to adjust the capacity of the storage according to the load. Further research is needed to
obtain the most suitable ratio of the paratfin and sand which has the most suitable performance and
life cycle assessment for the composite to evaluate the aging effect on the composite’s performance.

5. Conclusions

1. The properties of the sand from volcanic ash is ideal to improve the performance of pa-
raffinic PCM.

2. The main compositions of the sand are Fe, FesO; and Si0; dominate the chemical com-
position of the sand (total 85.47 %), which is known have good thermal conductivity, with the total
composition of 85.47 %,.

3. The rate of charging for all composite PCM is better than pure paraffin where the quickest
charging rate 1s 36 minutes.

4. The rate of discharging for all composite PCM is generally better than pure paraffin
where the quickest charging rate is 135 minutes.

5. The lowest supercooling degree is obtained by 1 °C, which is better than pure paraffin
where it has supercooling degree 8 °C.
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