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Abstract The paper presents experimental thermal
behavior of paraffin wax as phase change material (PCM)
using shell and tube with four-pass heat exchanger unit of
1 MJ storage unit under different flow rates. Thermal
energy storage unit is constructed to study the performance
of commercial grade paraffin white wax as energy storage
material. The heat exchanger is constructed to obtain
realistic energy storage behavior during charging and dis-
charging cycle. The water is used as heat transfer fluid
(HTF) to supply and absorb heat from PCM and to cal-
culate energy stored. The charging and discharging
experiments are carried out at constant inlet fluid temper-
ature and constant pressure to observe the effects of flow
rate of HTF on the performance of the storage unit at five
different flow rates. The result shows that the charging time
was in the range 195-310 min while discharging time in
the range 80-38 min for change in flow rate from 35 to 75
LPH. The charging as well as discharging cycle time
decreases with increase in mass flow rate of HTF, fall in
cycle time during discharge is around three times faster
than charging, and the same is attributed to fissure crack
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developed in the lump mass. Increase in flow rate decreases
the heat storage.

Keywords Latent heat energy storage - Phase change
material - Paraffin wax - Shell and tube storage unit -

Experimental thermal behavior of paraffin wax

List of symbols

c Specific heat (kJ kg*l K™
f Function
HTF Heat transfer fluid

L Latent heat of fusion (kJ kgfl)
LPH Liter per hour

m Mass flow rate (kg s

M Total mass of PCM (kg)

PCM Phase change material

0 Heat transfer (kJ)

0 Heat transfer rate (kJ s™")
R Correlation coefficient

T Temperature (°C)

TC Thermocouple

TES  Thermal energy storage
t Time (s)

U Uncertainty (%)

1% Volume of PCM (m?)

Greek symbols
n  Efficiency

Subscripts

A Available
f Final

i Initial

m  Melting point
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w Water
wi  Water inlet
wo  Water outlet

Introduction

As solar energy is an intermittent energy source, there is a
mismatch between the energy supply and energy demand.
It is necessary to store energy during sunshine hour and
supply this stored energy during night or during cloudy
weather. Thermal energy storage system is the one of the
options to store energy in order to reduce the gap between
the demand and supply.

There are two main methods of thermal energy storage
(TES) as sensible and latent heat storage [1]. The material
which changes phase while storing large energy is called
phase change material (PCM). It is gaining a greater
attention due to advantages of high storage density and
nearly constant thermal energy [2].

Major applications of PCMs are as heat storage medium
of solar energy system, as thermal energy storage for off-
peak demand in power generation unit, and building
applications [3]. Tyagi et al. [4] carried out the experi-
mental study and performance analysis of a solar air heater
with and without PCM, viz. paraffin wax and hytherm oil,
and found that the output temperature and efficiency in
case with TES is higher than that without TES. Jeon et al.
[5] reviewed the development of available latent heat
thermal energy storage technologies and discussed PCM
application methods for residential building using radiant
floor heating systems with the goal of reducing energy
consumption. Abidi et al. [2], Yuan et al. [6], Liu et al. [7],
and Jankowski et al. [8] reviewed PCMs for air condi-
tioning systems, fatty acid PCMs, thermal performance
enhancement techniques for high-temperature PCMs, and
PCMs for vehicle component thermal buffering, respec-
tively. Harikrishnan et al. [9] investigated thermal and heat
transfer characteristics of the newly prepared composite
phase change material, viz paraffin and hybrid nanomate-
rials (50 % CuO-50 % TiO,), for solar heating systems. It
showed heating and cooling rates of composite PCMs are
faster due to the dispersion of hybrid nanomaterials.

There are number of PCMs available, and researchers
have analyzed performance of PCMs. Rathod et al. [10]
reviewed the thermal stability of different groups of PCMs.
Min Li and Zhishen Wu [11] studied the effect of the
amount of graphite thermal properties of the graphite/n-
docosane composite PCM and reported the rate of heat
storage/release, and the thermal conductivity increased
with an increase in the amount of graphite, but the latent
heat of the composite PCM decreased with the increase in
the amount of graphite. Jeong et al. [12] prepared shape-
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stabilized phase change materials (SSPCMs) like hexade-
cane, octadecane, and paraffin and experimentally found
their properties like latent heat capacity, and melting
points. The characteristics of SSPCMs were determined
using SEM, DSC, FTIR, TG, TCi, and energy simulation.
Parameshwaran et al. [13] investigated the thermal prop-
erties of new silver nano-based organic ester phase change
material in terms of latent heat capacity, thermal conduc-
tivity, and heat storage and release capabilities experi-
mentally. It reports dispersion of silver nanoparticles into
PCM, reduces degree of supercooling, reduces cooling and
melting time, and increases thermal conductivity, whereas
latent heat capacities decrease. Wang et al. [14] experi-
mentally investigated the thermal conductivity and energy
storage of composite PCM, viz. paraffin and micron-size
graphite flakes. It shows there is negligible change in the
latent heat capacity, the melting temperature, and the
freezing temperature, but thermal conductivity increases
with increasing the mass fraction of the micron-size gra-
phite flakes. Anghel et al. [15] investigated phase-transition
temperatures, latent heat, and heat capacity at constant
pressure, density, and thermal conductivity of three phase
change paraffinic materials. It reports composite containing
ceresin component shows the lowest latent heat value
around 144 kJ/kg and the highest thermal conductivity of
0.46 W/m-K among the three PCMs. Murray et al. [16]
designed latent heat energy storage unit for domestic hot
water solar thermal system in Halifax. They have used
lauric acid as PCM in the storage unit.

However, selection of PCMs is critical meeting specific
requirements of applications. The commonly used PCMs in
solar heat storage are fatty acids, paraffin, and hydrates
[17]. Paraffin wax as a PCM is an attractive material for
heat storage applications since it has high latent heat
storage capacities over a narrow temperature range [18].
Paraffin waxes are cheap, ecologically harmless, and non-
toxic. Benmansour et al. [19] investigated numerically and
experimentally the performance of encapsulated paraffin
wax as PCM with air as working fluid. They developed
mathematical model which is validated by experimental
work. Groulx et al. [20] modeled circular fins single pipe
and shell paraffin wax heat storage performance using
COSMOL multi-physics.

PCMs as a thermal energy storage is topic in research
for the last 20 years due to limited theoretical information
and little experimental works which are limited to labora-
tories. Therefore, there is a need for realistic experimental
investigation of PCMs for solar energy systems so that it
can be incorporated with solar energy system. The works
experimentally investigate the thermal behavior of com-
mercial grade paraffin white wax (as PCM) using small
shell and tube heat exchanger storage unit having four pass.
The experimental work report performance parameters
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effect of fluid flow rate during melting; called charging and
solidification; called discharging of PCM developing the
characteristic equations using experimental results. This
relationship is henceforth available for use to scale up the
project.

Heat transfer during the melting and solidification
of PCM

Heat released by water while flowing through the pipe
Oy = mycw(Twi — Two), kJs ™! (1)
Heat absorbed (stored) by PCM during heating

Orcm = Mpcemcpem (T — Ti) + MpemLeem

2
+ Mpcmepem (T — Ti), kJ (1] )
Melting (charging) or solidification (discharging) time
Oprcm
t= , S 3
0. (3)
Heat available
Oa = Qw-t,kJ (4)
Storage efficiency given by
Opcm
= 21 5
on 2 (5)

Experimental investigation
Experimental setup

The schematic diagram of the experimental setup is shown
in Fig. 1. An acrylic cylindrical container (178 mm long
and 180 mm inner diameter) as storage tank is used to
analyze the performance of phase change material energy

Water __ I |
supply —] il
Water bath | Over

|

Electric heater

Flow controlled valve

Cylindrical T?mperature
.+ storage tank  indicators
HTF pipe 1
TC wires |||

Fig. 1 Schematic diagram of the experimental setup

storage system. This tank is composed of inner copper pipe
(25.4 mm inner diameter and 1 mm thickness) as shown in
Fig. 2. The copper pipe has four passes inside the storage
tank. The one end of copper pipe is connected with hot
water bath and other end to water sink with help of insu-
lated flexible pipes. The spaces between inner copper tube
and acrylic tank are filled with phase change material
(PCM).

PCM filling process was carried out from the top of
tank, and then, acrylic lid was bolted back in place. Four
thermocouple probes (PT100) were inserted in the different
locations as shown in Fig. 1 in the storage tank through
compression fittings on the outside of the PCM container to
measure temperatures of PCM. Out of these, the two
thermocouples (TC3 and TC4) are inserted from top in
vertical position and two (TCS5 and TC6) from side of the
tank in horizontal position. Additional two thermocouple
probes (PT100) were inserted at inlet (TC1) and outlet
(TC2) pipes of storage tank in order to measure tempera-
ture of HTF. The thermocouples are connected to a tem-
perature indicator which provides instantaneous digital
outputs. All the thermocouples are calibrated in the labo-
ratory with the help of temperature trainer before use. The
storage tank is insulated in order to reduce heat losses. A
3.85-kg commercial grade paraffin wax white is used as
PCM. Paraffin wax is chemically indicated as hydrocar-
bons with general formula C,H,, ,, and commercially
available laboratory used wax is reported here in finding.
The thermophysical properties of paraffin wax used are
indicated in Table 1, where melting point, density, latent
heat of fusion, and specific heats are taken from supplier
reference values. The thermal conductivity of paraffin wax
values used is benchmarked by Farid (2004) and is not
separately measured. Water is used as heat transfer fluid.

The hot water bath at constant temperature and pressure
head is used to supply the hot water (HTF) inside the
copper pipe which is passes through the storage tank during
the charging process. In this process, PCM absorbs heat
from hot water. Electric heater is used to heat the water in

PCM

Copper pipe
Section X—X
e i
Yol p,Acnyie shel
X { it

t & I _PCM

[ e e

7

Fig. 2 Storage tank
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Table 1 Thermophysical properties of commercial grade organic
paraffin wax white

Melting temperature 50 °C

Density 950 kg m ™

Latent heat of fusion 185 kJ kg™

Specific heat (solid) 24kl kg™ ' K
Specific heat (liquid) 245 kI kg7 K™!
Thermal conductivity (liquid) 0.167 W m~! K~! [3]
Volume taken for study ~4L

the water bath. The immersion heater is connected with a
bulkhead fitting to the hot water bath. One-liter measuring
flask and stop watch are used to measure the flow rate of
HTF. For the discharging process, the same water bath is
used to supply the cold water. The throttling valve is
provided in the HTF flow line to control the flow rate of
water.

Experimental run

A series of melting and solidification experiments were
conducted to study the effect of mass flow rate of HTF on
thermal behavior of the PCM. At beginning of the exper-
iment, paraffin wax was solid in the cylindrical shell. A hot
water at constant flow rate from the constant temperature
bath was made to flow into the copper pipe by static head
between heat exchanger and hot water bath. During
charging, the PCM gets heated up to melting temperature
(storing the energy as sensible heat). Later heat is stored as
latent heat once the PCM melts and becomes liquid. The
energy is then stored as sensible heat in liquid PCM.
Temperatures of the PCM and HTF were recorded at
intervals of 15 min. The charging process was continued
until the all PCM completely melted. The temperatures of
the HTF at inlet and outlet are recorded. Also the tem-
peratures of the PCM at four locations are recorded. During
discharging (solidification), cold water was used to circu-
late through copper pipe. All the temperatures were
recorded at intervals of 5 min.

Result and discussion

The temperatures of PCM at different location in the
storage tank and temperature of HTF at inlet and outlet are
recorded during melting and during solidification under the
different HTF mass flow rates from 35 to 75 LPH with
increment 5 LPH. The total heat available, total heat
storage, and system efficiency of process are computed
during both charging and discharging processes.
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Fig. 3 Effect of mass flow rate on temperature of PCM and cycle
time

Charging leading to melting of PCM

The effect of HTF flow rate on average PCM temperature
during the charging process is shown in Fig. 3. The inlet
HTF temperatures were in the range 65 £ 2 °C.

Under different HTF flow rates, the trend of the PCM
temperature with time is found as follows:

Toem =26.42 +0.231 — 4.2 x 107%#  and
R>=0.989 for 50LPH (6)

Toem =27.86 + 0.2361 — 4.4 x 10737 and
R?>=0.986 for 60LPH 7

Teem =29.45 + 0.243t — 4.9 x 10737  and
R>=0.992 for 70 LPH (8)

The trend lines of PCM temperatures at all flow rates are
quite similar during the charging. The correlation coeffi-
cient R? for all flow rates are about +1. That indicates the
perfect positive polynomial relationship between PCM
temperature (Tpcy) and charging time (7). In the initial
stage, the PCM temperature rapidly rises within 120 min.
This is due to sensible heating of PCM. In the second stage,
PCM temperature is nearly constant marking latent heating
resulting phase change. During the last stage of charging,
heating of PCM liquid shows a rapid change in temperature
compared to second stage isothermal melting. It is found
that PCM completely melted within about 315 min under
various flow rates.

Figure 4 shows the effect of varying the mass flow rates
on the charging cycle time of PCM storage tank. It is clear
from result that the charging time is reduced with
increasing the flow rate; it is maximum as 310 min for 35
LPH and minimum as 195 min for 80 LPH.

The cycle time and flow rate relationship is represented
by
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t = 395.6 +2.575m,, (9)

The correlation coefficient R* = 0.99 indicates that
cycle time strongly follows linear relationship with flow
rate as above equation.

The comparison between energy storage and energy
available for different flow rates is shown in Fig. 5. It is
found that energy available at higher flow rate is higher but
there is no much variation in energy storage. The rate of
increasing available energy is greater than that of stored
energy. Therefore, the storage efficiency is decreased with
increase in mass flow rate as shown in Fig. 6.

The correlation of energy storage or energy available
with flow rates is given by

Oa =251.3+437.27m, and R*=0.992
Opcm = 979.0 4 0.028m,,

(10)
(11)

The coefficient of correlation in case of energy storage and
flow rates is O (i.e., R®> ~ 0), meant that there is no much
variation in energy storage with flow rate of HTF.

The correlation of energy storage efficiency with flow
rates is given by

and R>=~0

3500
4
3000
2500
-
x ® QA
= 2000 4 Q
]
£ @ Qpcm
1500 «
1000 .—.—.—Q—I—I—Q—Q—Q—T
500 1 T ) T ) T T 1 1

35 40 45 50 55 60 65 70 75 80
Flow rate/LPH

Fig. 5 Effect of flow rates on energy stored (Qpem) and energy
available (Q4)

35 40 45 50 55 60 65 70 75 80
Flow rate/LPH

Fig. 6 Effect of flow rates on energy storage efficiency

7 =83.50 —0.702m,, and R*>=0.964

Discharging leading to solidification of PCM

The effect of HTF flow rate on average PCM temperature
during the discharging process is shown in Fig. 7. It is
observed that the solidification processes is much faster
than the melting process. HTF absorbs heat with faster rate
compared to heat absorb by PCM during the charging.

Under different HTF flow rates, the trend of the PCM
temperature with time is found as follows:

Teem =58.16 — 0.271t — 2 x 1073/ and

R>=0.988 for 50LPH (13)
Tpem =57.17 — 0287t — 2 x 1073 and

R*=0.982 for 60LPH (14)
Tpem = 58.44 — 0.2887 — 6 x 107 and

R>=0.985 for 70LPH (15)

65
60 @ 50 LPH
55 - & 70 LPH
@ 60 LPH
O 50 -
=
O
2 45 4
40 4
35 4
30 T T T T T T

0 10 20 30 40 50 60 70
Cycle time/min

Fig. 7 Effect of mass flow rate on temperature of PCM during
solidification
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Fig. 8 Effect of mass flow rate on solidification cycle time

The trend lines of PCM temperatures at all flow rates are
quite similar during the discharging. The correlation
coefficient R* for all flow rates are about +1. That indicates
the perfect positive polynomial relationship between PCM
temperature (Tpcy) and discharging time (7).

Figure 8 shows the discharging cycle time for different
flow rates. Under various flow rates, PCM solidifies within
time 80 min. For 35 LPH, it solidified within the 35 min in
contrast it requires 195 min to melt. It is due to crystal-
lization cracks formed during solidification while during
melting it was getting filled by molten material. This
explains the transient behavior while discharging.

The cycle time and flow rate relationship is represented
by

t=111.0 — 0.927m, (16)

The correlation coefficient R* = 0.995 indicates that cycle
time strongly follows linear relationship with flow rate.

The heat available and heat absorbed by water in dis-
charging process at different mass flow rates are shown in
Fig. 9. The correlation is given by

Qw =930.2 +0.226m,, and R>=0.088
Opcm = 976.4 — 1.589my,

(17)
(18)

The efficiency of discharging processes corresponding
mass flow rates is shown in Fig. 10. The correlation of
discharging efficiency with flow rates is given by

n=104.7 —0.189m,, and R*>=0.960

and R?=0.908

(19)

Uncertainty analysis

Least count of instruments used in experiment indicates the
uncertainty in the direct measurement and same is used to
report the calculation uncertain in parameters using the
method of error propagation. Uncertainties in measurement
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Fig. 9 Effect of flow rates on heat available (Qpcy) and heat
absorbed by water (Qw)
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Fig. 10 Effect of mass flow rates on heat release efficiency

of temperature is in order of Uy = +0.02 °C for thermo-
couples, £0.001 kg for mass of water, and £1 s for time.

Uncertainties in calculated parameters are calculated
using following relationship:

—(V,r) and U, =] (S w2 ()
o =AY mw=A\av ) YT e )
(20)

Oa =f(my,T,t) and

~[(30a\? 30\, | (00a\°
¢(_) s (22 v s ()

(1)

Oprcm =f(Mpem, T, T2) and  Ug,,, =

30ecm\’, 30pcm’, 30ecm\’,
\/<6MPCM> Ut + oT, Ur + oT, Ur,

(22)
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Table 2 Uncertainties in calculated parameters

Flow rate/LPH Uncertainty/%

Umw UQA UQPCM Uq
50 1.39 1.65 0.26 1.67
60 1.67 1.84 0.26 1.86
70 1.96 2.10 0.26 2.11

1 =f(Qpcm, Qa) and

an \? ( on )2 (23)
Uy = Udpey T | 57— | U2
n \/<6QPCM) Qrcm aQA Oa

Table 2 provides the uncertainties in calculated param-
eters narrowing exceeding 2 %.

Conclusions

The work reports experimental thermal behavior response
of paraffin wax as storage unit with various mass flow rates
in shell and tube of four passes as under:

e The trends of temperature change are quite similar
under various HTF flow rates during melting and
solidification. In the initial stage of charging and
discharging, the PCM temperature rapidly rises and
attains steadiness after 120 min.

e There is not much variation in heat energy storage by
PCM during melting and amount of heat release during
solidification under the different mass flow rates of
HTF as it had constant mass of PCM. However, the
charging and discharging time are reduced from 310 to
195 min and from 80 to 38 min, respectively, with
increase in flow rate of HTF from 35 to 75 LPH.

e Time required for solidification is about 20-25 % of
required while melting. This is due to higher temper-
ature difference available for heat transfer during
discharging process and fissure formed while solidifi-
cation helps in quick release of energy.

e The efficiencies of heat release during discharging are
higher than that of heat storage during charging. The
efficiencies of heat storage during charging is reduced
from 63 to 30 % and efficiency of heat release during
discharging reduced from 97 to 89 % with increase in
flow rates of HTF from 35 to 80 LPH.

The present work provides guidelines for modeling
thermal performance of paraffin wax as low-temperature
latent heat energy storage. The performance of paraffin
wax with respect to mass flow rate of HTF provides
behavior of paraffin wax at variable intensity which can be

used to increase the availability energy for low-temperature
application as in case of domestic solar water heater.
Further, it is concluded that the paraffin wax four-pass tube
storage unit is more favorable than single-pass large-di-
ameter tube unit because multi-pass storage unit have lar-
ger heat transfer surface area.
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