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COMSOL Multiphysics is used to adequately study the numerical modeling of phase
change material behavior in a triple heat exchanger. The triple heat exchanger comprises
three sides: an interior pipe for water cooling and heating, an annular space between the
second and first interior pipes conveying Paraffin, and a third side annular space between
the outer pipe and the second pipe holding Lauric acid. The dimensions of the triple heat
exchanger are as follows: 30 cm length and side diameters of (0.5 in: 2.5 in: 3.5 in). Overall,
the patterns reveal that the CFD and experimental work are in perfect agreement. PCM 2
is more reliable than paraffin. As the flow rate rises, the validity decreases; the maximum
validation is obtained at 11 L/min. The results shows that the number of fins enhances
efficiency by 5% (from 6 to 4); any number of fins over 6 promotes no more efficiency
percentage. The additional fins are considered to produce increased heat transfer resistance,
resulting in a significant increase in heat transmission. Copper slightly conducts heat better
than aluminum and iron. Aluminum is the best material; its efficiency is equivalent to
copper's. The diameter of the pipe has no effect on the percentage of paraffin efficiency.
The better the heat resistance with an uniform heat transfer area between the paraffin and
lauric acid layers, the broader the diameter of the lauric acid layer. Improving the outer
diameter of the heat charge process implies increasing the efficiency percentage. The

highest efficiency% is seen at 4.5 in.

1. INTRODUCTION

Energy conservation is a popular issue nowadays.
Increasing energy demand and diminishing fossil resources
necessitate alternative energy sources. Nature delivers
plentiful, free, pollution-free, readily used, continuous solar
energy. This thermal energy is stored as latent, sensible, and
thermo-chemical energy (TCES). In latent thermal energy
storage, a solid-to-liquid or liquid-to-solid phase shift occurs
while the system's temperature remains unchanged. In STESs,
only material temperature raises to store heat. High-
temperature STESs need chemical stability and heat capacity.
In thermo-chemical energy storage (TCES) devices, chemical
processes store and recover thermal energy. TCES need
regulated settings and have limited lifespans. Latent thermal
energy storage (LT- ESS) systems based on phase change
material (PCM) may store substantial amounts of heat at low
operating temperatures [1]. PCMs store sensible and latent
heat for heating and cooling. Low temperature energy storage
systems are used in solar air collectors [2], heating and cooling
systems for electronics [3], thermal storage of building
structures and refrigeration [4], drying technology, building
equipment such as domestic hot water [5], cold storage, and
waste heat recovery systems. Gas phase change systems are
not practicable due to massive volumetric changes, but in
solid-solid phase transition, PCMs' crystalline structure
changes, resulting in thermal energy storage, although at a
sluggish pace and poor energy storage density [6]. Because of
their modest volumetric change, ease of handling, high
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thermal energy density, and compactness, PCMS with solid-
liquid transition dominate [7]. Most known materials display
solid-liquid transition, however common applications need the
following qualities [8, 9].

Paraffin (waxes) are n-alkane mixes, Cn H(2n"?). They're
refinery byproducts. Paraffin phase transition temperatures are
18 to 71°C [10], hence it may be utilized at low temperatures.
Large-scale, low-cost manufacturing compared to pure n-
alkanes. Chemical stability, low vapor pressure, no phase
separation, self-nucleation, and high latent heat density are
desirable qualities of paraffins. However, their mild
flammability, poor container compatibility, fluidity, and low
thermal conductivity make their employment difficult [11].
Using heat transfer augmentation strategies may fix poor
thermal conductivity. Heat transfer fins, multi-tubes, Nano-
particles in PCMs, and shell shape changes. These strategies
may be examined experimentally and numerically
(theoretically). Carboxylic acids with chemical formula CH3
(CH2)2n COOH and long chain hydrocarbons are called as
fatty acids. As an advantage eutectic mixture can be formed by
mixing two or more fatty acids. Their phase transition
temperature ranges from 16 to 74°C [12].

PCM melting is dominated by natural convection. The
buoyancy forces improve heat transmission by generating flow
vortices. Orientation of heat surface affects natural convection
and PCM melting time (tm). PCMs' limited thermal
conductivity makes heat transmission challenging. PCM-
based thermal energy storage devices must enhance heat
transmission. As a cure for shell-and-tube LTESS's poor
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thermal performance, several HTF tubes are used in the PCM
to improve heat transmission. Agyenim et al. [13] employed
erythritol as a PCM to test the thermal energy storage
capability of a horizontal shell-and-tube heat exchanger. Shell
and tube system temperature gradients were evaluated and
compared. Results showed axial and radial phase change
enhancements of 2.5 and 3.5%. Esapour et al. [14]
quantitatively studied the influence of inner tubes (multiple)
on melting in a multi-tube heat exchanger. Single-tube
splitting reduces PCM melting time by 29%. Liu et al. [15]
quantitatively examined the melting process of RT27 (paraffin
mix) as a PCM by employing several combinations of big and
small HTF tubes. The effects of multiple-tube numbers and
diameter ratios on heat transport were also examined.
Combining a big and two tiny tubes with a 2:1 diameter ratio
accelerated PCM melting. Liu et al. [16] performed numerical
research of LTESS with staggered and parallel HTF tubes
utilizing paraffin as PCM and air as HTF. Staggered tubes
boost convective heat transmission and melting rate by 57%.
Jesumathy et al. [17] investigated the effects of HTF
temperature and mass flow rates on paraffin wax melting in a
horizontal double-pipe heat storage system. A 2C change in
HTF intake temperature increased melting by 25%. Kousha et
al. [18] studied melting and solidification of finless multi-tube
heat exchangers at various HTF temperatures. PCM was
paraffin (RT-35) kept in cylinders. Four HTF tubes lowered

melting and solidification times by 43% and 50%, respectively.

Joybari et al. [19] examined paraffin (RT-60) melting in
finless single and multiple (five) tubes vertical heat
exchangers. Multi-tube arrangement increased convective
effects and hastened PCM melting. Multi-tube arrangement
decreased melting time by 73.6%. Although multi-tube
LTESS tests have been done, most lack fins. Fins and multi-
tube HTF arrangements may speed the melting process.
Longitudinal fins, circular fins, and pin fins increase LTESS
performance [19-23]. Yousef et al. [24] employed hollow pin-
type fins in a PCM-based solar still to improve heat
transmission. PCM-based, traditional, and PCM-based pin
finned systems were compared. Longitudinal fins charge and
discharge PCMs better than circular fins [25, 26]. Different
PCM melting investigations evaluated longitudinal fins [27],
fin positions [28], and shell geometry [29]. Thicker, longer,
and more fins decreased PCM melting time. Yang et al. [30]
studied PCM paraffin RT35 melting in an annularly finned
horizontal LTESS. Installing varied numbers of annular fins
around HTF tube examined PCM melting. Optimal annularly
finned LTESS with 31 fins reduced melting time by 65%.
Wang et al. [31] analyzed the influence of thermo-physical and
geometrical factors on sleeve-tube horizontal LTESS
performance. For PCM melting, fin length, geometry, angle
between fins, and conductive shells were studied. Finned
LTESS with fin angles of 600 and 900 decreased PCM melting
time by 49.1%.

The outcomes of this study provide novel approaches for
evaluating the thermal stability of PCMs (Paraffines and
Lauric acid). The using of PCM in triplex heat exchanger
(every side has different PCM type) enhances thermal control

and stability, and provides effective thermal storage possibility.

The using of different type of PCMs provides the cost effective
thermal storage system by using expensive PCMs at minimum
quantity. The numerous different types of fins that are being
used in this study are something that has not been mentioned
in any of the previous investigations. The statistical program
that was utilized in the numerical investigation was properly
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set, which made it possible to achieve a complex statistical
configuration. A numerical research has been incorporated as
a component of this thesis to increase the numerical section in
order to validate the outcomes of the experimental work that
was done on this complex system.

2. METHODOLOGY
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Figure 1a. Experimental process of present work
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Figure 1b. Thermocouples positions

300 mm

The experimental work contains the study of PCM behavior
in triple pipe type heat exchanger are used. The aim of the
experimental study is to find the effect of flow rates, heat
transfer processes (heating and cooling), PCM type, and
experimental configuration on heat storage efficiency%. The
accurate measurement devices were used to collect the data
and the high quality statistical approach is used to find the
empirical correlation for the present work. In this chapter, the
experimental procedure, the data- collection, data- analysis,
and statistical approach are discussed briefly. The present
system rig setup is mentioned in Figure 1a which consists of
the following elements:

1. Triple pipe heat exchanger consists of three pipes, inner
for water flow, intermediate which used to place PCM1 and
the outer for PCM2 placement.

2. Water storage tank
. Water pump
. Flow meter
. Valves
. Insulation
. Data logger
. Measuring instruments and sensors
. Heater

At various locations in the experimental apparatus, the
temperature is measured using K-type thermocouples, model
number TP-01K. The positions of thermocouples are
mentioned in Figure 1b.

For each experiment, the heat exchanger is loaded with
paraffin wax (interior tube), lauric acid (exterior tube), and
water flew inside the inner tube (inside the interior tube). The
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experiment used water flow rates of (11, 25, 38, and 52 L/min),
flow rates are adjustable using an electronic valve. To study
the smelting process of each combination, the pump was
turned on. After adjusting the water flow rate to the desired
value, the operation continued until both PCMs melted, then
the hot side pump was turned off. To study the solidification
process of each group, the cold pump was turned on after the
water flow rate was set to the same value as in the previous
operation. The cold pump was turned off after both PCMs
solidified completely. The data logger records the information
when the device is being charged and discharged. Operation
of the PCM- heat exchanger for both hot and cold water flow
rates, inlet and exit water temperatures, and distribution of
internal temperature.

Numerically modeling the triple heat exchanger of the
thermal storage tank is accomplished with the help of
COMSOL Multiphysics 5.6. In Table 1, all of the pertinent
physical attributes are included. At various stages of the
melting process, the steady-state streamlines and transient
thermal profile, as well as the melting zones, were provided by
the coupled heat transfer and momentum transport equations,
which were used to describe the melting process for several
PCMs. These equations provided the information necessary to
determine the melting zones. The following are the key
transport equations that will be used throughout this paper [32,
331
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The PCMs viscosity can be calculated from the following
model [17]:
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The resultant density and heat capacity of PCMs composites
can be calculated by using mixing rules. The melting fraction
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can be defined as the ratio of the latent heat to the total

enthalpy, which was derived in the previous work
investigation [17] and expressed as follows:

Iti tion = 1% 5

melting fraction = T=T, ()

The geometry of the numerical solution and mesh
distribution can be seen in Figure 1. The boundary conditions
are mentioned in Table 2.

The main assumptions are taken into consideration:

-Steady state models.

-The geometry coordinate is three dimensions with
constant surface area and symmetric with finite slides with
perpendicular direction.

-The boundary walls are non- slip conditions.

-The fluid flow is laminar.

Table 1. Physical properties of PCMs [13]

K Melting
3 )
PCMs p, Kg/m W/m2.K Cp, J/Kg.K Point (°C)
Paraffin 850 0.4 2200 52
Lauric acid 800 0.3 2500 44

Table 2. Boundary conditions of thermal storage system

Boundary conditions value
Inlet flow rates 11-52 LPM
Outlet pressure 0 pa

Initial temperature 293 K
Inlet temperature 75°C then 27°C

Figure 2 shows that in addition to the pressure, the reference
temperature of 293 degrees Celsius is also employed in order
to construct the density distribution that is present inside of the
heat exchanger C. The temperature used as a reference is what
is used to calculate the fluid flow physical characteristics
(viscosity and pressure). First, the fluid flow equation, also
known as the momentum transfer equation, which is based on
the Navier-Stokes mean is solved, and then, after that, the
velocity profile is generated.

stationary
water zons
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x
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Figure 2. (a) geometry view, (b) mesh distribution, (¢) CFD
flow chart, (d) Finned heat exchanger

First, the reference temperature is used to produce the
thermal physical attributes (thermal conductivity and heat
capacity); second, the heat transfer equation is solved with the
assistance of the momentum transport equation; and third, the
temperature distribution is gradually prevailed over until it is
reached the desired state. Beginning with the first phase, in
which the new temperature distribution is utilized in place of
the reference temperature, and going forward, the trial and
error procedure is iterated numerous times. The increased
temperature will cause changes to the distribution of physical
characteristics and velocity, and the cycle will continue to be
iterated step by step until the error rate in the residence time is
closer to 0.1 percent or less. These changes will occur because
of the increased temperature.

The temperature along the heat exchanger is collected along
operation time. The average temperature is taken to obtain the
stored heat which is accumulative component.

g =mCp(Tiy1 — Tp) (6)
and
i-1
used heat = Z qm = Qo+ q1 + - qi—4 (7
m=0

where, ¢ is used heat for storage, m is PCM mass, i is current
situation index.
The storage efficiency can be found:

used heat

latent heat * 100

heat storage ef f.% = (®)
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Figure 3 shows the mesh element number vs. film
temperature. The various mesh grids are used (Extra coarse,
coarser, coarse, normal, and fine). The optimum mesh is
coarse where the fine close efficiency% is achieved with
minimum solution run time. Coarse mesh is used for whole
numerical investigation. The increasing of mesh elements
prevail no significant changes in efficiency%.

74.25
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*

74.15

eff %

74.05
74

73.95

0 200000 400000 600000 800000 10000001200000

Mesh elements number

Figure 3. Efficiency percent against Mesh elements number
of present investigation

3. RESULTS AND DISCUSSIONS
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Figure 4. The validation analysis, F=52 L/min: Paraffin
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Figure 5. The validation analysis, F=52 L/min: Lauric acid

The physical parameters of different PCMs are adjusted to
perform computational fluid dynamics (CFD) and heat transfer.
Figures 4 and 5 show a comparison of experimental work and
CFD for temperature vs. time for water at different flow rates
in heat discharge and heat charge operations. The overall
patterns suggest that the CFD and experimental work are in
excellent accord. PCM 2 has a greater validity than paraffin.



The validity diminishes as the flow rate increases; the highest
validation is seen at 11 L/min. The highest validation
percentage is observed in the heat charge procedure, LAURIC
ACID at 11L/MIN approximate values of 97%. The minimal
validation percentage in the heat discharge process employing
LAURIC ACID at a flow rate of 52 L/min is 90%. The overall
tendency indicates that raising the flow rate reduces the
validation percentage. LAURIC ACID has more validation
than paraffin. The validity percentage of the heat discharge
process is lower than the validation% of the heat charge
process. The used fins have size of 11 mm length and pair of
branched fins of 6 mm. the thickness of 0.6 mm is used as
mention in Figure 2(d). The fins are placed on the surface of
inner tube and intermediate tube in same direction. The sizes
of inner tube fins are not affected by inner tube size where the
12 fins are used.

Figures 6a and 7a compare the efficiency% vs. period time
plots for different operation procedures and flow rates for
lauric acid in fins and without fins scenarios. The decreased
flow rate encourages a 15% increase in efficiency, with a
maximum efficiency of 39%. (Lower than paraffin). The
paraffin functions as a resistance layer, and the conductive
heat transfer in lauric acid is lower than in paraffin due to the
thermal storage effect of paraffin, which absorbs a greater
quantity of heat, increasing the rate of heat transfer to paraffin.

Figures 6b and 7b compare the melting fraction vs. period
time plots for different operation procedures and flow rates for
lauric acid in fins and without fins scenarios. The presence of
fins enhances the liquid fraction in present system in both flow
rates. The higher flow rate (52 LPM) depicts the faster phase
transition in lauric acid especially in without fins case. The fins
presence promotes the heat transfer into PCMs making the
efficient phase change action.
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Figure 6a. Time dependent efficiency of the cases of fins
presence and without fins case at F=11 L/ min and lauric acid
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Figure 6b. Time dependent melting fraction of the cases of
fins presence and without fins case at F=11 L/ min and lauric
acid
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Figure 7a. Time dependent efficiency of the cases of fins
presence and without fins case at F=52 L/ min and lauric acid
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Figure 7b. Time dependent Melting fraction of the cases of
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Figure 8. Time dependent efficiency for various outlet pipe
diameter at F=11 L/ min and paraffin
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Figure 9. Time dependent efficiency for various outlet pipe
diameter at F=52 L/ min and paraffin



Figures 8 and 9 demonstrate the effect of outer pipe
diameter on efficiency% for different paraffin flow rates. The
diameter of the pipe has no influence on the paraffin efficiency
percentage. The wider the diameter of the lauric acid layer, the
greater the heat resistance with a consistent heat transfer area
between the paraffin and lauric acid layers. Figures 10 and 11
depict the effect of outer pipe diameter on efficiency% for
different lauric acid flow rates. In the heat charge process,
increasing the outside diameter results in an increase in
efficiency. The highest efficiency% is found at 4.5 in. More
lauric acid is produced at the largest outer diameter with finer
intermediate; more lauric acid absorbs heat from paraffin.
Higher flow rate (52 L/min) results in a 5% increase in
efficiency. The heat discharge method has no discernible
impact.
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Figure 10. Time dependent efficiency for various outlet pipe
diameter at F=11 L/ min and lauric acid
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Figure 11. Time dependent efficiency for various outlet pipe
diameter at F=52 L/ min and lauric acid

Figure 12 depicts the temperature distribution across several
time periods and two flow rates (11 and 52 L/min). Heat
transmission occurs substantially faster at greater flow rates,
with temperature saturation occurring sooner than at lower
flow rates. The red zone diffuses at a rate of 52 L/min rather
than 11 L/min. Temperature diffusion through the paraffin
area increases significantly as the inner diameters increase.
The minimalizing the quantity of used paraffin by inner
diameters increasing helps the thermal saturation to be
accelerated. The paraffin’s thermal conductivity in cooling
discharge is less than heat charge, so no significant changes
with inner pipe diameter would happen [32].

The validation study used the same starting and boundary
circumstances, as well as thermo-physical characteristics, as
the reference experiments. First, Mahdi et al. [32] reported
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experimental data on paraffin (RT82) melting in a
longitudinally-finned triplex-tube heat exchanger, which was
utilized to validate the conclusions of this study. Figure 13
depicts a comparison of the average PCM temperature
throughout time. With Mahdi et al. [32], the current study has
great validation.
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Figure 12. Temperature distribution for various inner
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4. CONCLUSIONS

CFD and experimental work agree generally. PCM 2 is
better than paraffin. Highest validity at 11 L/min. Fins boost
efficiency by 5% (from 6 to 4); fins exceeding 6 have little
effect. Extra fins may boost heat transmission by reducing heat
transfer resistance. PCM and flow rates show no substantial
influence of fins materials on efficiency%, especially at 11 and
52 L/min. Copper fins boost lauric acid by 2%. Copper
conducts heat better than iron and aluminum. Aluminum's
efficiency is equivalent to copper's, and its price is lower. Pipe
diameter doesn't affect paraffin efficiency. With a uniform
heat transfer area between the paraffin and lauric acid layers,
the larger the lauric acid layer, the stronger the heat resistance.
Increasing the heat charge outer diameter increases efficiency.
Most efficient at 4.5 in. Lauric acid absorbs greater heat from
paraffin at the highest outer diameter with finer intermediate.
52 L/min boosts efficiency by 5%. Heat discharge is
ineffective. Increasing inner diameter with constant
intermediate diameter decreases efficiency by 7%. As inner
diameter increases, less paraffin is used, reducing heat
absorption. At fixed intermediate diameter, increasing inner
diameter improves efficiency by up to 10%. Less paraffin
would reduce heat absorption, enabling lauric acid to absorb
more heat. The validation research employed the identical
beginning and boundary conditions as the reference
experiments. First, Mahdi et al. [32] provided experimental
results on paraffin (RT82) melting in a longitudinally-finned
triplex-tube heat exchanger.
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NOMENCLATURE

Symbol Meaning Unit

P pressure Kpa

A surface area m?

h heat transfer coefficient W/m?K

T temperature K

Cp heat capacity J/kg K

k thermal conductivity W/m.K

p density kg/m?

n viscosity pa.s

U velocity m/s

g gravity acceleration m/s?





