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Abstract
A latent heat storage tank with a helical coil heat exchanger was developed, built, connected to an evacuated tube

solar collector, and tested in this study. 25 kg of paraffin wax was used as phase change material (PCM) in the
storage tank. During the charging (melting) process, the storage system was evaluated with varied mass flow rates of
hot water as a heat transfer medium (5, 8, 9, 10.5 and 13 L/min). The system was also tested with a constant mass
flow rate of domestic water during the discharging cycle (solidification). The results also showed that increasing the
flow rate from 5 L/min to 13 L/min reduced the charging time from 218 min to 157 min and increased the system's
overall efficiency from 28.4 % to 40.5 %.
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Nomenclature:

Symbol Description Symbol Description
A solar collector area (m2) Mpem mass of the PCM (kg)
Cw specific heat of the water (J/kg °C) m,, mass of water in domestic reservoir (kg)
Cpem specific heat of the PCM (J/kg °C) PW paraffin wax
ETSWH Evacuated Tube solar water heater PCM phase change material
HTF heat transfer fluid Qin the energy inlet to of the ETSWH (kJ)
HP horse power Quw the stored energy in water (kJ)
| Global solar radiation intensity (W/m?) Qpcm the stored energy in PCM (kJ)
l Litter Tam ambient temperature (°C)
Hot water temperature at the end of
LH Latent heat of the wax (kJ/kg). Twn discharge cycle (°C)
Greek Symbols T Cold water temperature at the start of
w-e discharge cycle (°C)
Nstorage Storage efficiency T temperature, (°C)
Nyserm | USEful efficiency heating domestic water AT temperature difference (°C)
Noverall System overall efficiency Trem Paraffin wax ( temperature , (°C)
1) Uncertainty t Cycle time (s)
1. Introduction 1.08x10* kW is reaches the surface of the

Solar thermal energy is regarded as the most
promising renewable energy source owing to its
cleanliness, sustainability, and availability in many
regions of the world, as the Sun emits energy at a
rate of 3.8x10% kW per second, of which roughly
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earth[1][2].Although if only 0.1 %t of this energy
could be transformed at a 10% efficiency, it really
would be 4 times the global production generating
capacity of about 3000 GW. To put it differently, the
total yearly solar radiation incidence on the earth is
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much more than 7500 times the total worldwide
annual energy usage [2]. There is a lot of potential
for using accessible solar energy for thermal
applications like cooking, water heating, crop
drying, air-conditioning, power plants and so on.

The solar collector is the most important part of
any solar thermal application. It collects solar
energy, transforms it to heat, and transmits the heat
to raise the enthalpy of working fluid (often air,
water, or oil) that flows through it [3]. There are
several types of solar collectors used in water
heating (flat plate, evacuated tube, parabolic trough
and parabolic dish). The type of collector to be used
is determined by the output temperature requirement
for a specific application.

During the period of sunshine, the solar collector
works efficiently for only a few hours.
Unfortunately, thermal loads rise throughout the
night, and because solar energy is intermittent, it is
critical to provide a storage system to mitigate the
mismatch problem [4]. Energy storage improves
system reliability and performance while reducing
supply and demand mismatch [5].It saves fuel and
makes systems more economical by reducing energy
waste and capital costs. The use of phase change
materials (PCM) as a latent heat storage material is a
promising technique for thermal energy storage and
a potential solution to the previously noted
mismatch problem [6].

PCMs are materials that can store and release
energy while melting and solidifying at a certain
temperature. The heat of fusion for these substances
should be high in order to store a large quantity of
energy and discharge it when needed. PCMs are
divided into three types: organic, inorganic, and
eutectic. Organic materials (128-200 kJ/kg) have
approximately halved the latent heat storage
capacity of inorganic materials (250-400 kJ/kg)[7].
In the same melting point range, organic PCM offers
certain benefits over inorganic PCM since it is
chemically stable and compatible with metal, as well
as being relatively cheap [8]. As a result, paraffin
wax is an appropriate material for the current work.

Paraffin wax is found in coal, natural gas, and
petroleum [9]. It is distinguished by having distinct
and stable thermophysical properties for energy
storage [10]. Because paraffin wax's thermal
properties do not deteriorate even after 1000-2000
melt/freeze cycles, it is safe, non-reactive, and
compatible with all metal containers [11]
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Zakir and Zulfigar [12] have proposed a unique
concept of a latent heat storage system combined
with flat plate solar collector . They employed
paraffin wax as PCM medium inside a shell and tube
heat exchanger with longitudinal fins and utilized
water as a working fluid. They discovered that the
proposed system can store around 14.36 MJ of solar
energy in 3.12 hours when charged at inlet
temperature of 62 °C and water volume flow rate of
1.5 L/min. Furthermore, numerous storage units may
be connected in parallel to meet any household or
business energy need.

Following a review of the prior literature, it was
found that there are numerous interpretations of
studying the performance of thermal storage for
solar collectors, improving it, and increasing its
economic feasibility. The research focused on a
variety of factors, including the physical properties
of the storage material and the additives that
improve its properties, the type and area of the solar
collector, the type and flow rate of the heat transfer
fluid, the design of the heat exchanger, and others.

As a result, the current research is important in
that it aims to design and implement a simple and
inexpensive solar thermal storage system, the
components of which are readily available in the
local market and consist of a simple helical coil heat
exchanger and inexpensive paraffin wax.

This is accomplished by connecting the
evacuated tube solar water heater (ETSWH) to the
PCM tank and analyzing the integrated thermal
storage performance (charging and discharging) of
the system with varying heat transfer fluid flow rates
(5-13 L/min) during the charging process and a
fixed flow rate of 18 L/min during discharging
process.

2. Experimental set up

This section will go over the current system
characterization, experimental setup, measurement
instrumentation and specifications in detail. Because
the current study's goal is to evaluate the
performance of a solar energy storage system, an
evacuated tube solar water heater (ETSWH) with a
collector area of 1.86 m2and tilted by 42° from
horizontal was evaluated. The experiment is made
up of two circuits, as depicted inFigure 1.

The first is a charging circuit in which the solar
energy is stored in a tank filled with Paraffin wax as
PCM, and the hot water produced by the solar heater
is pumped by a 1/2 HP pump to a helical coil heat
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exchanger with a height of 40 cm and made of 1/2
inch copper tubes with 14 rings, each with a
diameter of 15 c¢cm. The coil is housed within a
stainless steel tank with a diameter of 30 cm, a
thickness of 2 mm, and a height of 50 cm. In all
tests, purified water was utilized as a medium for
heat transfer HTF across the circuit, and the water
flow rate was regulated by a needle valve after the
pump and a digital turbine flow meter read via
Arduino code.

To guarantee that the pipe was entirely filled with
water and that there were no air pocketswithin the
solar collector and heat exchanger, an air vent valve
was employed. The system was tested in summer
2021, with the HTF flow rate varying between 5, 8,
9, 10.5, and 13 L/min. Each flow rate's pressure drop
via the helical coil was also monitored using a
digital manometer, as shown in Figure 2.

The second circuit is a discharge circuit, in which
the energy stored in the wax is utilized by
solidifying the wax by passing cold water through
another helical coil heat exchanger located within
the wax tank, which has the same construction as the
coil used in the charging circuit. A 75-liter domestic
water tank is utilized, and the water is pumped by a
1/2 HP pump into the PCM tank, where it heats up,
and then returned to the water tank. The flow rate of
cold water in this circuit is kept constant at 18 L/min
and is regulated by another digital turbine flow-
meter programmed with Arduino code.At the end of
the experiment, the vent port in the PCM tank is
opened to the atmosphere to ensure that the wax has
completely solidified before starting the next
experiment the following day.

Because of its high latent heat and long-term
dependability, paraffin wax with a melting
temperature of 60°C was chosen to function as PCM.
Table 1 shows the physical characteristics of the PW
utilized in this investigation. The charging circuit
was activated at 9:00 a.m. until the minimum PCM
temperature within the storage tank reached 60°C,
ensuring that the whole PCM inside the tank was
melted. After ensuring that all of the wax has
melted, the charging pump is switched off andthe
ETSWH is covered, followed by the discharge
pump, which extracts heat from the melted wax and
heats the domestic water tank. When the temperature
of the water entering and exiting the tank becomes
stable and equal to the temperature of the solidified
wax, the discharging circuit is turned off. The

following 8 thermocouples of type K were
distributed: 5 inside the PCM tank (bottom-top-
middle-left-right), then the average value was
determined and recorded as Tpcm, ONE Upon entering
the heat exchanger, one upon exiting the exchanger,
and one upon the atmosphere to measure wax, water,
and ambient temperatures during charge and
discharge circuits, respectively. Temperatures were
read and recorded every minute using a PICO
thermocouple data logger. TES-1333R Data logging
solar power meter was installed in plane normal to
the ETSWH to record the global solar radiation.

Table 1: Paraffin wax physical properties.[4][13][14]

Meltin | Liquid/Soli | Liquid/So | Laten | Liquid/Soli
gpoint | d Density lid theat | d Thermal
°C kg/m3 Specific kJ/kg | conductivit
heat y
k]/kg K W/mK
58.7 - 840 /900 22/19 190 0.22/0.24
60

Evacuated Tube Solar collector | o

Charge
Cycle

“Discharge
Cycle

[
Needle Valve Storage Tank

Discharge Pamp Digital Manometer ~ Charge Pamp

Fig 1: a graphical depiction of the current experimental setup.
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Fig 2: a picture of ETSWH combined with PCM and a
domestic water storage tank.
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3. Data Reduction

Microsoft Excel spreadsheets have been created to
process the experimental data for storage energy,
storage efficiency, and total efficiency. This section
contains the equations for the system's assessment

criteria.
During the charging period, the energy source of

ETSWH may be estimated as follows:

Qin = [;1Adt 1)

Where | denote incoming global solar radiation
(W/m?), A is solar collector area as given by
manufacturer(m?), and t denotes the duration of
charging cycle.

The energy stored in the paraffin wax PCM
(Qpem) is given by[15];

Qpem = MpemCpemAT + LH mpey )

Where mpcyis the wax mass (kg) is, Cpcpy IS the
wax specific heat (J/kg°C), AT is the temperature
difference of the wax (°C) and LH is the wax latent
heat (J/kg).

The storage efficiency (nstorage) during the
charging period can be written as [15];
_ Qpcm
rIstorage ' Qin 3)

The useful storage energy in water (Qw) is
provided by [13]

Qw = rrlwa(Tw_h - Tw_c) (4)

Where m,, represents the amount of water in the
domestic tank (kg), C,, represents the specific heat
of water (J/kg °C), T, nrepresents the hot water
temperature at the end of discharge cycle (°C), and
T ¢ represents the cold water temperature at the end
of discharge cycle (°C)

The useful efficiency in heating the domestic
water can be written as [16],

nuseful = Qpem

The system overall efficiency can be calculated
as:

noverall = 1llusefull X 1’lstorage (6)

3.1. Experimental errors and uncertainties
When conducting experimental work, one of the
most crucial elements to consider is uncertainty
analysis. This study is primarily dependent on the
accuracy of the instruments employed.

ify= f(xl,xz,X3, ......... ,xn)

The root sum square combination of the impacts
of each individual independent parameter (x) on the
dependent parameter (y), as presented by Kline and
McClintock [17], is used in this work to calculate
the uncertainty in all variables as;

Wy = I:(:TyleI)Z + (:Tyzwxz)z - (;Tynwxn)z]o.s (7)

From equation (1) the uncertainty of input solar
energy can be calculated as:

wg = () + (20,) + (o) | ®)

By using the measuring devices errors in Table 2, The
relative uncertainty of input solar energy can be
calculated as:

% = [(MT)Z + (%)2 + (%)2]0'5 =[(0.5)2 +
(0.25)% + (0.166)?]°5 = 0.583 % )

From equation (2) the relative uncertainty of the
stored energy in PCM can be calculated as:

5 2 2705
. Yopem _ (“)mpcm) + (‘“TPCM,ﬁnaﬂ) + (wTPCM,intial> _
Qpcm mMpcm Tpcm final TpcMmiintial

[(0.05)2 + (0.18)2 + (0.18)2]%5 = 0.262 % (10)

From equation (3) the relative uncertainty of the
storage efficiency can be calculated as:

0.5
. Pnstorage _ [(wQPCM)Z + (inn)Z] _
QpcMm Qin

Nstorage

[(0.583)2 + (0.262)2]°5 = 0.593 % (11)

From equation (4) the relative uncertainty of the
useful storage energy in water can be calculated as:

2 o N2 210.5
. Yow _ | (Omyw Twh OTwe _
" Qw_[(mw’) +(Twh> +(Twc)] h

[(0.666)% + (0.18)% + (0.18)2]°5 = 0.7145 % (12)

From equation (5) the relative uncertainty of useful
the efficiency can be calculated as:
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. “nuseful -

Nuseful

[(0.7145)% + (0.262)%]°5 = 0.761 %

From equation (6) the relative uncertainty of the

(

“"Qw)2 + (“’QPCM
Qw Qpcm

7T -

overall efficiency can be calculated as:

. Pnoveran _

Moverall

[

[(0.761)% + (0.593)2]%5 = 0.965 %

[

2 2105
M) + (M) —
T'lstorage

Nuseful

(14)

Table 2: Measuring devices specifications.

(13)

Type K-Type
Therrr;ocoupl Accuracy +0.5°C
¥ Range 0-275°C
Data Type Pico TC- 08
Acquisition Accuracy +0.2 %
system Range - 27010 1370 °C
Solar power Type TES 1333R
meter Accuracy +10 W/m2
Range 0-2000 W/m2
Model
Velocity GT8907
Digital range — (0-45) m/s — +3%
Anemometer accuracy (0-45) °C i_l oC
Temperature
range
. Type Gl12 .
Turbine flow Accuracy + 0.2 L/min
meter (2-30) L/min
Range
Digital Accuracy O-iz-ologrggm
Weight Scale Range
Accuracy *20 seg:ond
Clock R 0-218 minutes
ange

4. Results and Discussion

The ETSWH was evaluated in this study with
paraffin wax as thermal energy storage materials.
During the period (30/8/2021-4/9/2021), the
ETSWH was tested at various HTF flow rates (5-13
L/min).

Experiments are carried out in two stages: the
first is the charging stage, in which solar energy is
stored in the wax tank as molten wax, and the
second is the extraction of energy from the molten
wax to heat the domestic water.

4.1. Charging circuit
Figure 3depicts the solar radiation and ambient
temperature measurements taken on all test days. It
is apparent that the greatest levels of global solar
radiation observed throughout the trials ranged from
864 to 905 W/m?, with an average ranging from 755
to 767 W/m2 While the average ambient
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temperature observed during the trials ranged from
37.5t041°C.

Five temperatures distributed in the wax inside
the tank are recorded, and the average temperature is
taken as the wax temperature. The measurements
begin at 9 a.m. and continue until the lowest
temperature inside the tank reaches the melting point
(60 °C), ensuring that all of the wax has melted.
Figure 4 depicts the variation in average wax
temperature during the charging process at various
HTF volume flow rates.

From the figure, it is clearly that the temperature
of the wax gradually increases with the increase in
solar radiation, as the wax passes through three
stages, the first being the sensible heating stage, in
which the temperature of the solid wax rises until it
reaches its melting temperature due to the specific
heat of the wax, after that with the increase in
radiation, The latent heat of the wax causes it to melt
and transform into a liquid state at almost constant
temperature , which is the second stage.The
temperature of the molten wax then gradually rises
due to the perceived heat as the radiation increases
until the end of the charging stage, at which point
the charge pump is turned off, the solar collector is
covered, the discharging pump is activated, and the
discharge cycle begins.

The influence of changing the water volume flow
rate on the charging process rates is depicted in
Figure 5. The charging time is the amount of time
required to ensure that the wax inside the tank has
completely melted. It is clear that increasing the
flow rate from 5 to 13 L/min increases the rate of
heat transfer from hot water to wax, accelerating the
melting process and reducing charging time from
218 minutes to 157 minutes.

based on average PCM temperature , Figure 6
depicts the accumulated stored energy in the PCM
during the charging time at the highest flow rate of
13 L/min. is apparent that the wax is heated by
sensible heat for 90 min until it reaches the
commencement of melting at around (the average
wax temperature equal 58.5°C). The wax then takes
around 20 minutes to completely melt owing to
latent heat, and the stored energy during that time is
quite considerable due to the high value of latent
heat (LH) compared to the low specific heat value
(Cp), and the melting period varies depending on the
flow rate. After melting, the average temperature of
the wax starts to rise owing to sensible heat until the
charging time is completed.
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The storage efficiency during the charging period
can be calculated as a percentage of the total useful
energy stored in the PCM divided by the
accumulated solar energy incident during the
charging period, as shown in Figure 7, where it is
clear that the storage efficiency increases with the
increase in the water flow rate, as it recorded 31.5 %
at the flow rate of 5 L/min and increased to 50 % at
the flow rate of 13 L/min.

Although the heat transfer rate and storage
efficiency increase with the increase in the water
flow rate, on the contrary, the friction in the heat
exchanger also increases and the pressure difference
increases, resulting in an increase in pumping
power.A digital manometer was used to measure the
pressure drop for each volume flow rate, and the
results are shown in Figure 8.
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4.2. Discharging circuit
After ensuring that the wax has completely
melted during the charging stage, the charging pump
is turned off and the solar collector is covered, and
the discharge pump is turned on to extract the
energy stored in the wax by pumping cold water
from a 75-liter tank at a constant flow rate of 18
L/min as the discharging pump's maximum flow
rate, while the water flow rate varies during the
charging stage.

Figure 9 displays the PCM temperature as
recorded on a day of 30/8/2021whereas the cycle
was running at its optimum charging mass flow rate
of 13 L/min. The PCM temperature rises with time,
simulating solar radiation, reaching a peak of 80.1
°C after 157 minutes (11:37 A.M). At that moment,
the charging pump is turned off, the discharging
pump is turned on, and domestic water is pumped in
the PCM tank to gain heat from melted wax. As a
consequence, the PCM temperature progressively
lowers while the temperature of the water within the
domestic water tank gradually increases until it
reaches a stable state at 52.3 °C, at which point the
pump is turned off until the heat is dissipated from
the water tank due to stirring.

The useful efficiency during the discharging
period can be calculated as a percentage of the
amount of heat used in heating water divided by the
accumulated energy stored in PCM during the
charging period, as shown in Figure 10, The figure
clearly shows that the useful efficiency increases
significantly at the start of the discharge process,
where there is a large difference between the
temperatures of wax and domestic water, but with
time, the two temperatures converge and the
efficiency increases slightly until it is almost
constant at the end of the cycle, and the
accumulative useful efficiency reached up to 81%.

When evaluating the entire system while
accounting for both the charging and discharging
periods, the overall efficiency of the system can be
calculated by multiplying the storage efficiency by
the useful efficiency, and it is clear that the overall
efficiency increases as the HTF flow rate increases,
as shown in Figure 11.

It is also evident that the greatest efficiency
attained at a flow rate of 13 L/min is 40.5%, which
is a low figure. This is most likely owing to the
presence of several regions inside the PCM tank that
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Temperature (¢)
o
o

do not have direct contact between the heat
exchanger coils and the PCM due to the design of
the helical coil without fins, and therefore the
melting process is delayed in those areas. This
decrease is also probable owing to paraffin wax's
poor coefficient of heat conductivity, which is one
of its main disadvantages when employed in thermal
storage [4][18].

Table 3 summarizes the experimental data
obtained from the current study in comparison to
three different published results.

The table shows that each solar thermal energy
storage system has characteristics and features that
affect system performance and differ from one
system to another. Among these characteristics is the
type of storage material and its improved additives,
the type of solar collector and its surface area, HTF
flow rate, heat exchanger design, and so on.

80 —o—PCM-Charge
75 \ ——PCM-discharge

—+—Domestic Water

[T I A ]
DI TR ] S =

[
>

0 30 60 9 120 150 180 210 240 270 300
Time (min)

Fig 9: The temperature fluctuation of the PCM during
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Fig 10: variation of useful efficiency during discharge at
a maximum mass flow rate of 13 L/min.
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Table 3:A comparison of the current storage system
with three previous published systems.

Current

item work [4] [19] [13]
Solar 1(:26 237
collector Evacua m? ) 1m? Flat
area (m?) ted Flat plate
/ type tube plate
. PW -
Storage Paraffi graphite PW-
type n wax PW compou nano Cu
PW) nd particles
Shell
excizzri]tger Helical and Helical .
. coil finned coil
design tube
PCM 25 50 3 28& 2.8
mass (kg) g nano
Water
volume 75 110 150 60
(Litter)
Max.
water | 554 | 573 - 59.1
temperatu
re (°C)
Max.
PCM
temperatu 81 599 67 )
re (°C)
Optimum
HTF flow
rate 13 9.6 - 0.5
(I/min)
Daily
efficiency 40.5 43 74 68.8
%

5. Conclusions

In this study, the ETSWH was investigated in
summer 2021 with paraffin wax as thermal energy
storage materials. Five different HTF volume flow
rates (5, 8, 9, 10.5 and 13 L/min) during the
charging cycles were experimentally studied, with a
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1.

domestic water flow rate of 18 L/min fixed during
the discharge cycle, and the following conclusions
were reached:

Increasing the flow rate from 5 L/min to 13
L/min during the charging cycle reduces the
charging time from 218 minutes to 157
minutes, resulting in a faster melting and
charging process.

The ETSWH performed better in conjunction
with the PCM tank at the maximum HTF
volume flow rate of 13 L/min, with a storage
efficiency of 50%.

The useful efficiency during the discharging
process time achieved 81 % at the HTF volume
flow rate of 13 L/min, where the water
temperature climbed by around 18.4 °c, rising
from 34 °c to 52.4 °c.

The maximum value of overall efficiency
obtained is 40.5 %, which is a low value; to
improve this value, we recommend using a
heat exchanger with fins to increase the contact
surfaces between the exchanger and the PCM,
as well as adding Nano particle materials to the
PCM to improve thermal conductivity and thus
storage efficiency
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