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Abstract

In this work, a thermal energy storage system based
paraffin wax as phase change material (PCM) was
designed, constructed and tested when it was integrated
with a solar water heater (SWH). For the purpose of
comparison, the SWH was also tested when water was
used as a storage medium. The system was tested for
successive days at different mass flow rates of the heat
transfer fluid varied from 0.08t0 0.16 kg/s. The maximum
energy stored in 110 kg of water used as storage material
is 15.9 MJ/day, compared to 11.9 MJ when 50 kg of
paraffin waxwasused as storage material. This means that
the PW not only capable of store 75% of the energy stored
in water perday butalsoit achieves a 50% reduction in the
storage volume. The low storage temperature gives ako
more superiority to the wax as storage material especially
in the domestic application where just wam temperature
is needed.
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1. Introduction

The solar water heater integrated with insulated water
storage tank is commonly used in most heating
applications.On the other hand, the phase change
materials are used in certain applications that needs
constant temperature. Many PCMs were used for thermal
energy storage such as paraffin wax (PW)
(Desgrosseilliers et al. 2011; El Qarnia 2009; Mazman et
al. 2009; Wang et al. 2017; Korti and Tlemsani 2016;
Kanimozhi, Ramesh Bapu, and Pranesh 2017; Meng and
Zhang 2017; Lianget al. 2017; Fazilatiand Alemrajabi
2013; Al-Hinti et al. 2010; de Gracia and Cabeza 2015;
Lopez-Navarro et al. 2014), stearic acid (El Qarnia 2009;
Sari and Kaygusuz 2001), palmitic acid (Sari and
Kaygusuz 2002) and myristic acid (Sart and Kaygusuz
2001) which are considered organic compounds. These
organic materials showed superior performance compared
with other PCMs used within solar water heater (SWH)
(Dincerand Rosen2002; Zalba et al. 2003) due to their low
cost, high capacity for storing energy, and appropriate
melting temperature. Amongst all PCMs, PW has many

privileges like stability of material construction for long
time, not poisonous, and cheap (Daystaretal.2015;Vasu
et al. 2017; Yousef and Hassan 2019; Macauley et al. ;
Kabeel et al. 2016; Shalaby and Bek 2014). (Chen et al.
2020) studied the PW as PCM in an experimental and
numerical investigation for solar thermal storage
applications. However, PW has some disadvantages like
low thermal conductivity, and problem of leakage because
of PW volume increase at melting. Many innovative
designs of LHSS using organic compounds (mostly PW)
are introduced toissue that weakness. These novel designs
include using spherical capsules (Fazilati and Alemrajabi
2013), cylindrical bottles (de Gracia et al. 2011), vertical
pipes (Lopez-Navarro etal. 2014), bottles (Al-Hinti et al
2010), and balls (Zhou et al. 2018) filled with PW
contained by the storage tank. Also, using fins inside the
PW introduce a solution for the low thermal conductivity
of PW by providing a large heattransfer area. This fins was
studied by (Mahfuz etal. 2014) and (Badiei, Eslami, and
Jafarpur 2020), they found that overall system daily
efficiencyincreasedby 13.3%.

So, in this work, a LHSS based paraffin wax as
storage material was studied when it integrated with SWH.
The utilization of water as storage material was ako
investigated. The resultsshowed that PW not only capable
of store 75% of theenergy stored in water per day butako
it achievesa 50% reductionin the storage volume.

2.  Thermal energy storage equations

In this section, allequations used for calculating the
energy stored in all systems are presented:
The storage energy in water (Qw-s) is given by (Shietal.
2018; Al-KayiemandLin 2014);

Qu-s= mw—st(Tf - Ti) @)
Where mw-s is the water quantity in the storage tank (kg),
Cw is the specific heat of water (J/kg. °C), Tf is the final
temperature of water (°C), and Tiis the initial temperature
of water (°C).
The storage energy in the PCM (QPCM) is given by (AF
Kayiem and Lin 2014; Shukla, Buddhi, and Sawhney
2009);

QPCM = mpcmcpcm(Tpcm—f - Tpcm—i) + mecm (2)
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Where mpcmisthe mass of the PCM (kg), Cpcm is PCM
specific heat (J/kg °C), Tpem-f is the final temperature of
the PCM (°C), and Tpcm-iis the initial temperature of
PCM (°C)and Lis the latentheatof the PCM (J/kg).

3. Experimental setup and measuring devices

The SWH that has a copper collector with an area of 25
m2was connected to the LHSS as shownin Fig. 1. A small
water pump was used to circulate the HTF (tab water)
through the SWH then flowed across the LHSS. The flow
rates were controlled and measured using valvesand flow-
meters, respectively. Also, the airventand pressure relief
valves were integrated with the HTF loop to empty the
loop from airbubblesand forbid sudden pressure increase
inside the tubes, respectively. The test rigwas used in two
cases, first, a small pump was utilized to rotate the HTF
between the SWH and the water storage tank onsuccessive
days of August 2018 at different m 'y, (0.08, 0.1, 0.12,
0.14,0.16 kg/s)when 110kgof waterwas used as storage
material. While in other cases 50 kg of PW as PCM was
used to store the thermal energy instead of water whenthe

Flow meter

m ,rr €qual 0.14 Kg/s. The storage system consists of an
insulatedstoragetank filled with the storage material. The
heat transferred from SWH to the PCM using 3 groups of
copper tubes, each one consists of 8 tubes. Each group of
tubes attached with about 70 longitudinal aluminum fins.
All these tubes are connected in series. All experiments
were started at 8:00am and ended at 6:00 pm (sunset). DS-
digital temperature sensors are used to measure the
temperatures of HTF attheinlet Ty ;,, and outletT - o,
of the system. The properties of the PW used in this study
are summarized in Table 1. Four temperature sensors are
immersed in the PCM to measure the temperature of the
PCM at different positions, then the average value is
calculated and sampled as T'p -

Table 1. The properties of PW

Latent heat (kJ/kg) 190
Specific heat (J/kg. K) 2110
Meltingpoint (°C) 63.5
Density (kg/m?) 900

Airvent Pressure gauge

&

Heat exchanger

Storage medium

@ Storage tank

>
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T

Thermal insulation

Figure 1. Schematic diagram of the solar collector with LHSS.

4. Resultsand discussions

The proposed system tested at many valuesm: - during
successive daysof August2018 (31/7/2018 to 7/8/2018).
The temperature of storage water T,,_, and HTF
temperature at the inlet of storage tank T ;,, measured
on 5 August 2018 when the m, equals 0.14 kg/s are
shown in Fig. 2.
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Figure 2. The variation of HTF, water, and glass cover
temperatures duringa typical day of August2018.
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Figure 3. The variation of storage water temperature
versustime at a differentmass flowrateof HTF.

The temperature of the SWH glass cover is also
displayed in Fig. 2. From the results indicatedin Fig. 2,
the maximum temperature ofthe HTF is 71 °C measured
at 3:00 pm, with two hour lag from solar radiation peak.
Beyondthistime, it gradually decreases to reach 63 °C at
the sunset. The same attitudes were noticed for the
temperature of SWH glass cover (T,;) and the temperature
of the HTF atthe inlet of the water storage tank except
that the maximum value T, is measured at 12:00 am
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simultaneous with the solar radiation due to the low heat
capacity of the glass cover. The maximum values of T
andT,,_,arefoundtobe 56and71 °C,respectively. The
temperature of water in the storage tank measure at
differentm  isseenin Fig. 3. The maximum value of
the Tw-s of 71 °C is achieved when the m . is 0.14
kg/s followed by 69 °C when the m, 1 i50.12 kg/s. The
lowest value of Tw-s of 66 °C is recorded when the
m IS 0.16 kg/sas represented in Fig. 4.
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Figure 4. The variation of storage water maximum

temperature versus mass flowrate of HTF.

Figure 5 shows the increment in water storage
temperature from its starting value when the m: ;. is
changed from 0.08 to 0.16 kg/s with the increment step
equals 0.02 kg/s. Increment in water temperature across
the water storage tank of 35 °C is achieved when the
m'yrr = 0.14 kg/s. This happens because of a large
quantity of heat is turned from the HTF to the tank at
highervalues of m' ;. to a certain pointwhen it became
larger of this point it had reverse behavior that makes
heat transfer low again. The highest value of Tw-s
achieved at the peak value m . is also support this
explanation. The lowest values of increment in water
temperature are found when the lowestand highest value
m 1S USed as obviously displayed in Fig. 5. From the
results of Fig. 5 the maximum energy stored in the water
asstorage materialwas calculatedas 15.9 MJ/day.

Increment of the water storage temperature (”C)
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Figure 5. The increment of storage water temperature
versusthe flowrateof HTF.

To compare between the PCMand water as storage
material, the SWH integrated with PCM is testedat when
the m'y = 0.14 at which the optimum performance is
achieved when the water was used as storage material.
The temperature of HTF at the inlet of the LHSS and
PCM measured when the m 'y, equals 0.14 kg/s are

shown in Fig. 6. The temperature of the SWH glass cover
is also displayedin Fig. 6. The maximum measured value
of solarradiation during this day is 980 W/m2 measured
at 12:00 am. Whereas; the maximum ambient
temperature of 34 °C is recorded during the period from
1:00 to 2:00. From the results indicated in Fig. 6, the
temperature of the HTF increases to 68 °C at 1:00 pm,
with one hour lag from solar radiation. Beyond this time,
it gradually decreases to reach 55 °C atthe sunset. The
same attitudes were noticed for the temperature of SWH
glass cover (T,) and the temperature of PCM ( Tycyp)
except that the maximum value T, is measured at 12:00
am simultaneous with the solar radiation due to the low
heat capacity of the glass cover. The maximum values of
T,and T, are foundto be 33and 68 °C, respectively.
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Figure 6. The variation of HTF, PCM, and glass cover
temperatures duringa typical day of August2018.
Figure 7 shows the comparison between the
temperature of the PCM and water used as a themal
storage measure at m 'y equal 0.14 kg/s. From the
results illustrated in Fig. 7. It is noticed that the PCM
temperature increases more than the water temperature
until 1 PM; this happensbecause of the low specific heat
of the PCM compared to the water specific heat. After
thistime, the temperature of the water increase more than
the PCM temperature; and this happens because at this
point the storage medium in both cases reaches about
63.5 °C which is the point of melting the PCM. So the
huge latent heat of the PW makes theenergy given to the
PCM is stored inside it without raising the temperature
of the PCM. While the water at this pointdoes not reach
the evaporation point of water so it continues to raise the
temperature of the water.

80

—e— Water
- PCM

70 A

60

50

Temperature (UC)

40

30

Time of the day

Figure 7. Comparison between the temperature of the
PCM and water asthermal storage material.

From the results illustrated in Fig. 7, the maximum
energy storedin the PCMis calculatedas 11.9 MJ which
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is 75% of the energy stored in water as thermal storage
material. The PW not only capable of store 75% of the
energy storedin water butalsoachieves a 50% reduction
in the storage volume. The low storage temperature gives
also more superiority to the PW as storage matenal
especially in the domestic application where just wam
temperature isneeded.

5. Conclusions

From the experimental results presented in this work, the
optimum performance of the thermal storage system is
obtained when m' . equals 0.14 kg/s when water was
used asenergy storage material. It is also found that the

PW is capable of store 75% of the energy stored in water

with only 50% of storagevolume.
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