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Previous studies on phase change material (PCM)-based solar thermal energy storage
systems have mainly focused on PCM selection, heat-transfer enhancement techniques,
and structural modifications, whereas the influence of PCM mass as a practical system-
sizing parameter has received comparatively limited attention. Therefore, this study
experimentally investigates the effects of three paraffin wax masses, namely 10, 20, and
30 kg, on the thermal storage capacity, heat retention, and discharge behavior of a parabolic
trough collector (PTC)-based thermal energy storage system under the outdoor climatic
conditions of Kirkuk, Iraq. The selected masses represented approximately one-third, two-
thirds, and the full nominal PCM capacity of the storage unit, respectively, while the PCM
type, storage-tank geometry, double-helical-coil configuration, and operating conditions
were maintained unchanged. A three-dimensional transient computational fluid dynamics
(CFD) model based on the enthalpy—porosity method was additionally developed and
validated for the 30 kg case to explain the dominant heat-transfer and phase-change
mechanisms. The results showed that increasing PCM mass increased the stored thermal
energy and prolonged the heat-discharge period. The theoretical stored energy increased
from 2782 kJ for 10 kg of PCM to 8094 kJ for 30 kg of PCM, while the thermal energy
recovery ratio increased from approximately 41.7% to 66.8%. The PCM storage unit under
the 30 kg case kept useful hot-water availability for up to 8 h post sunset, relative to about
2 h in the system without PCM. These results show that PCM mass is a key design
parameter that must be optimized based on the desired storage capacity, thermal response
and period of discharge, as well as post-sunset hot-water utilization.

1. INTRODUCTION

Parabolic trough collector (PTC) produces valuable solar

fluid and flow rate applied. Furthermore, Nagappan et al. [11]
demonstrated that cascaded PCM configurations, proper mass
fluxes, and protection can ameliorate the thermal performance

thermal energy, but their output directly depends on solar
irradiation conditions and is non-existent after sunset [1, 2].
Furthermore, most of the research has focused on dispersing
nanoparticles into the base fluid in order to improve the
thermal efficiency of solar collectors [3-7]. Another
improvement is the integration of the storage system within
PTC systems, enabling collected heat to be stored in both
sensible and latent forms (using the phase change material
(PCM)) to power the system when solar input is low [8]. For
instance, Awad et al. [9] dealt with improving the thermal
energy storage performance of a molten-salt blend based on
binary PCM embedded with CuO nanoparticles via an in-situ
synthesis process. The results showed that 1 wt.% CuO-PCM
resulted in more enhanced thermal storage capacity by
24.87%.

Raja et al. [10] integrated paraffin-based thermal energy
storage with PTC to develop a heat storage system that can be
efficiently used to supply domestic hot-water applications,
with the charging performance dependent on the heat-transfer
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of PTC-based latent heat storage. Similarly, experimental and
numerical work was conducted by Guerraiche et al. [12]. This
study showed an improvement in thermal performance from a
PTC receiver integrated with a PCM unit. The storage unit
would improve the thermal stability of heat delivery during
periods of lower solar radiation. Together, these studies
validated the practicality of PCM-assisted PTC systems but
focused primarily on PCM type, heat-transfer fluid, receiver
configuration, and operating conditions rather than quantity.
PCM storage remains capable of supplying useful thermal
power past sunset, which is a topic of significant interest.
Lamrani et al. [13] demonstrated that latent heat thermal
energy storage coupled with a PTC can sustain useful
production of hot-water during night operation, and the
performance is significantly affected by PCM selection and
operating conditions. According to another solar heating
application, an impressive study by Malekpour et al. [14]
showed that PCM-based latent heat storage coupled with a
PTC could continuously provide thermal comfort for more
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than four hours after sunset. These results indicate a significant
impact of PCM on thermal retention, but given the differences
in type, storage configuration, and application of the systems
studied, it is impossible to separate the effect of PCM mass
alone. Increasingly recent studies have given consideration to
both heat-transfer enhancement and the proper sizing of PCM
storage. Mhedheb et al. [15] exhibited that using TiO2/CuO
hybrid nanoparticles in a fin containment increased the heat
transfer performance and melting time of PCM. More related
to the quantity of PCM, Colarossi and Rghif [16] investigated
different mass ratios of 14%, 19%, 28% and 47% of PCM in a
solar thermal storage system and concluded that varying the
PCM fractions did not produce proportional thermal
advantages, showing that optimizing the amount of heat
capacity is also important. For the focused solar heating
system, Zhang and Zhang [17] considered PCM mass and
solar collector area as coupled design variables to optimize
PCM mass of 130 kg with a matching collector area of 4.11
m?, resulting in a peak increase of solar assurance rate by
10.04%. These results suggest that the amount of PCM should
be tuned to the available solar input, heat transfer potential,
and thermal demand rather than maximised.

Other recent studies have focused on heat-transfer and
geometrical enhancement; Karaagac¢ et al. [18] investigated
paraffin integration in a modified PTC receiver, Saleh and
Hameed [19] examined a corrugated receiver with PCM and a
twisted-tape turbulator, Kumar et al. [20] investigated
absorber-tube geometries, and Abdelaziz et al. [21] examined
elliptical double-tube receivers to improve heat transfer and
thermal storage performance. More recently, Rashid et al. [22]
reviewed macro-encapsulated PCM systems for latent heat
storage and highlighted the potential of combining optimized
capsule geometries, conductive structures, thermally enhanced
PCM composites, and cascaded configurations to improve
heat-transfer and thermal storage performance. Despite recent
advances in PCM-based solar thermal storage, the effect of
PCM mass as a practical design parameter remains
comparatively underexplored. Most previous studies have
focused on PCM type, heat-transfer enhancement, operating
conditions, or geometrical modifications. Therefore, the
present study experimentally evaluates three paraffin wax
masses (10, 20, and 30 kg), representing approximately one-
third, two-thirds, and the full nominal storage capacity, while
maintaining the same PCM type, storage geometry, heat
exchanger, and operating conditions. A three-dimensional
transient computational fluid dynamics (CFD) model is
additionally developed and validated for the 30 kg case to
interpret the dominant heat-transfer and phase-change
mechanisms. The study aims to clarify the influence of PCM
mass on thermal storage capacity, heat retention, energy
recovery, charging response, and discharge performance. The
main objectives of the current study can be summarized as: 1.
experimentally assess the thermal performance of 10, 20, and
30 kg PCM cases; 2. develop and validate a three-dimensional
CFD model for the 30 kg case to interpret the heat-transfer and
phase-change behavior; and 3. provide practical guidance for
selecting PCM mass according to storage capacity, thermal
response, and post-sunset heat-supply requirements.

2. METHODOLOGY AND MATERIAL

2.1 Experimental

The experiments were conducted in Kirkuk, Iraq, located at
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approximately 35° N and 45° E. Data were collected from 8:00
AM to 8:00 AM the following day.

2.2 Experiment conditions

The experiments were performed in Kirkuk city, Iraq (= 35°
N 45° E), and data collection was done from 8 am to § am of
each subsequent day. Experiments were performed in real
outdoor climatic conditions during April in Kirkuk, Iraq.
Testing began with the 10 kg PCM case, and then the 20 and
finally the 30 kg cases were sequentially tested in the same
storage tank and system configuration. The HTF flow rate was
kept constant at 1 L/min for all tests.

Because the experiments were performed outdoors, solar
radiation and ambient temperature varied naturally during the
test period; therefore, these parameters were recorded for each
experimental run to account for climatic variations when
interpreting the effect of PCM mass. The detailed operating
and climatic conditions are presented in Table 1.

Table 1. The operating and climatic conditions in the current

experiments
Parameter PCM Mass
10 kg 20 kg 30 kg
Test dates 5,6,10,11, 14,19,21,22,  26-30
12 Apr 23 Apl‘ Apr
HTF flow rate | | X
(L/min)
Solar irradiance 600—
(W/m?) 450-620 500-800 900
Ambient
temperature (°C) 10-19 12-24 18-30
Charging time (h) 4.0-5.0 4.5-5.2 4.7-5.5
DISChar(lggl)“g tme 3570 45-8.0 5.5-9.0
Weather Sunny Sunny Sunny

Note: PCM = phase change material.

Table 2. Main specifications of the experimental system

Parameter Specification
Parabolic trough collector
Collector type (PTC)
Collector dimensions 2mx2m; : r;fzrt ure area =

Aluminum sheet/steel frame
Evacuated borosilicate glass
tube, Type 58
Length = 1800 mm; OD =
58.5 mm; ID = 44.5 mm;
glass thickness = 0.6 mm
Copper; length = 175 cm;

Reflector/support structure

Receiver

Receiver dimensions

Absorber tube diameter = 28 mm
HTF Water
Absorber coatlng/experlmental Black coating/Kirkuk, Traq
location

2.3 Experimental setup

The experimental system comprised a PTC, a PCM storage
unit with a helical-coil heat exchanger, a pump, a flow meter,
a water storage tank, and an Arduino-based data acquisition
system, as shown schematically in Figure I(a) and
photographically in Figure 1(b). Water was used as the HTF.
Table 2 describes the main specifications of the experimental

rig.



Parabolic trough collector

| A

Thermal Sun trackin
1. Receiver Tube | 5. G- rage tank ; Suntracking
Parabolic Circulation
" Reflecting 6. pump 11. Inlet fluid
. Arduino- o ; -
3 Based Data 7 12. Outlet fluid
Acquisition 8. Insulated
. PCM pipes
storage tank 9, control
panel

Figure 1. Experimental parabolic trough collector—phase
change material (PTC-PCM) thermal energy storage system:
(a) schematic diagram, (b) photograph of the fabricated
experimental setup

2.4 Phase change material storage unit

The cylinder-shaped thermal energy storage unit was
integrated with the PCM to improve the PTC system's thermal
energy storage capacity. This thermal energy storage tank was
fabricated using steel due to its mechanical strength and
durability. Its height was 40 cm, while the outer diameter was
40 cm. Paraffin wax was chosen as the PCM owing to its high
latent heat storage capacity, stability, compatibility, and
suitable melting point for the production of domestic hot-
water. Some of the main characteristics of the PCM utilized
are presented in Table 3. The 30 kg PCM mass was adopted as
the full nominal PCM charge of the fabricated storage unit.
Accordingly, 10 and 20 kg were selected to represent
approximately one-third and two-thirds of this nominal
capacity, respectively. These three loading levels provided
low, intermediate, and full PCM quantities while maintaining
the same storage-tank geometry, double-helical-coil
configuration, PCM type, and operating conditions. This
selection enabled isolation of the effect of PCM mass and
provided a practical basis for evaluating the trade-off among
thermal storage capacity, thermal response, and heat-supply
duration. The HTF circulated through a double-helical copper-
coil heat exchanger embedded in the PCM storage tank, as
shown in Figure 2. This arrangement was chosen due to its
higher heat-transfer characteristics and better temperature
distribution than the straight tubes [23]. The tank was
thermally insulated to minimize heat losses. K-type
thermocouples connected to MAX6675 modules monitored
the water temperatures at the PTC inlet and outlet, the
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absorber-tube surface temperature, the coil inlet and outlet
temperatures, the PCM temperature at different locations
within the storage unit, and the storage-tank inlet temperature,
as indicated in Figure 2.

Table 3. Thermophysical properties of paraffin wax used as
phase change material (PCM) [24]

Property Value
Melting temperature 44 °C
Latent heat of fusion 190 kl/kg

Solid density 930 kg/m?
Liquid density 830 kg/m?
Thermal conductivity 0.21 W/(m-°C)
Specific heat capacity 2.1 kJ/(kg-°C)
- —

HTF inlet
(inlet temperature)

HTF outlet
{outlet temperature)

%

15em
Upper position
(inside PCM)

Upper-middle position
(inside PCM)

25¢em

40cm - R - Middle position
(inside PCM)

. T - Lower-middle position
(inside PCM)

- . - Bottom position
(inside PCM)

38 cm

| " HTFininnercoll |

40 cm

' '
 c— HTF in outer coil :

Figure 2. Schematic diagram of the phase change material
(PCM) thermal energy storage unit with thermocouple
locations

2.5 Thermal energy analysis

The theoretical amount of heat stored in the PCM was
calculated using Eq. (1).

Qstorea = Mpem [Cppcm,s (Tm - Ti) 1

+Hpcm + Cppcml (Tf - Tm)] ( )
where, My, is the PCM mass, H, ., is the latent heat of
fusion, T;, Ty, and Ty are the initial, melting, and final
temperatures, respectively, and cpycms and cppem; are the
specific heat capacities of the solid and liquid PCM,
respectively. Sensible heat was evaluated over the temperature
range of 18—64 °C. The rate of heat supply or extraction for the
HTF [23] was calculated using Eq. (2):

QF = myrpCpurrATr (2)
The total energy supplied or recovered by the HTF during
charging and discharging was calculated using Eq. (3):

oft =) Atxf )
where, m is the HTF mass flow rate, Cp yrr is the specific heat
capacity of the HTF, and ATy is the temperature difference
between the HTF inlet and outlet.



2.6 Uncertainty

Experimental uncertainty was evaluated for the measured
temperature, flow rate, and solar irradiance. The uncertainty is
calculated by Eq. (4):

Ui = [(9R/(9x1)Ax,)* + (8R/(0x,)Ax,)? 4
+.. + (OR/(0x,)4%,,)?] “)
where, Uris the combined uncertainty in the calculated result
R, xi is the ith independent variable, 4,; is its associated
uncertainty, and OR/Oxi represents the sensitivity of R to xi.

The uncertainty for the temperature difference was

calculated by applying Eq. (5).

8(AT) = V[(6Tin)? + (6Tout)?] (5)
where, J0(4Tf) is the uncertainty in the HTF temperature
difference, while 8Tin and 8Tout are the uncertainties
associated with the inlet and outlet temperature measurements,
respectively.

The calculated uncertainties were within acceptable
experimental limits. Experimental uncertainty was evaluated
for the measured temperature, flow rate, and solar irradiance,
with uncertainties of +2 °C, +0.1 L/min, and =+5%,
respectively. The uncertainty in the calculated results was
estimated using Eq. (4), where Ur represents the uncertainty
in the calculated result R, and x denotes the independent
variable. The uncertainty in the temperature difference was
determined using Eq. (5). The calculated uncertainties were
within acceptable experimental limits.

2.7 Numerical investigation

2.7.1 Computational geometry and mesh generation

The exact geometry of the experimental storage system unit
is designed and built using the design modeler.

The fluid domain geometry consists of two geometric
arrangements — one is a helical coil domain, and another is a
PCM domain.

Additionally, thermal energy transfer occurs from the HTF
(water) through two helical copper coils, which are arranged
in a concentric arrangement—one large helical coil on the
outside and one small helical coil inside. The helical radius of
the inner coil (L1) is 150 mm, while that of the outer coil (L2)
is 175 mm. The diameter (di) of each tube in the coils is 9 mm.
Heat transfer begins with water entering the helical outer coil
from the top and then flowing down along the helical path into
the inner helical coil; finally, it exits from the inner helical coil
at the top end of the tank. The series arrangement ensures the
full temperature profile of the HTF interacts with the PCM
across both the radial and axial extents of the storage vessel,
as shown in Figure 3.

In order to make sure that the results obtained through
numerical calculation do not depend on the grid used, the grid
independence test was carried out on seven different meshes,
with numbers varying from 1,110,000 to 3,100,000 cells.
Outlet temperature was chosen as the criterion for the analysis.
It was established that the fluctuation in temperature was
insignificant starting from 2,500,000 cells. Thus, 2,500,000
cells were taken as the optimal mesh number, as shown in
Figure 4.
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Figure 3. (a) Computational geometry of the phase change
material (PCM) storage unit, (b) meshing of the numerical
model
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Figure 4. Mesh sensitivity study

2.7.2 Boundary conditions
The HTF inlet was defined as a mass-flow inlet with a
constant mass flow rate of 0.0167 kg/s, corresponding to the



experimental flow rate of 1 L/min. The inlet temperature was
specified as a time-dependent condition based on the
experimentally measured PTC outlet temperature. The water
outlet was set as a pressure outlet at 0 Pa gauge pressure.
Because the storage tank was thermally insulated, its external
walls were treated as adiabatic with zero heat flux (0 W/m?).
The water—copper and copper—PCM interfaces were defined
as coupled walls to allow heat transfer between the HTF,
copper coil, and PCM without additional interfacial thermal
resistance.

2.7.3 Governing equations

The CFD model solves the time-dependent, 3-D
conservation equations of mass, momentum, and energy for
incompressible laminar flow in the HTF domain, coupled with
the enthalpy—porosity formulation for phase change. The
thermophysical properties of the materials were treated as
constant, except for the density variation associated with
buoyancy, which was represented using the Boussinesq
approximation. Therefore, natural convection in the molten
PCM was included in the numerical model. The continuity
equation for incompressible flow is calculated by Eq. (6):

6ui —0 (6)
axi -

The momentum equation, incorporating the Boussinesq
buoyancy term and the Carman—Kozeny source term for the
mushy zone, is calculated by Eq. (7):

ou; ow\ _
p (G +u axj) =

# (Z—Z)] +pgB(T — Tyer)8i% + Si @

aP a
ax; 0x;

where, the source term S; is the Carman—Kozeny drag term
used in the enthalpy—porosity method, Eq. (8):

1-y)?

Si=~— mush‘m‘ui

®)

Here, y € [0, 1] is the liquid fraction, A,,,,,s, is the mushy-
zone constant [kg-m—=-s!], and € equals 1073, which is a small
constant preventing division by zero.

The energy equation is written in terms of total enthalpy H,

Eq. (9):

d(pH)
ot

+ V- (puH) =V - (kVT) ©

Total enthalpy is decomposed into sensible and latent
contributions, Eq. (10):

H=h+AH=fcpdT+yL (10)

where, 4 is the sensible enthalpy, L is the latent heat of fusion,
and vy is the liquid fraction defined by the piecewise linear
relation, Eqgs. (11)-(13):

Y =0if T < Tsotiqus (11)

(T - Tsolidus)

y =

- T lf Tsolidus =T < Tliquidus (12)
liquidus

solidus

y=1 if T > Tliquidus (13)

The mushy region for a pure PCM reduces to a melting point
only, that is, Tsoiigus = Tuquidus = Tm » and a narrow
temperature region can be defined for stability purposes. The
model for solidification and melting in ANSYS Fluent is based
on the formulation in the literature [25].

2.7.4 Solver configuration and numerical scheme

Pressure-based transient analysis was used in ANSYS
Fluent for modeling the charging and discharging operations.
A laminar flow model was adopted as a simplifying
assumption for the present numerical analysis. Natural
convection in the molten PCM was accounted for through the
Boussinesq approximation with gravity enabled. The laminar
formulation was retained to provide a consistent
computational framework, while its possible influence on the
predicted HTF-side heat transfer is acknowledged. The energy
equation, along with an  enthalpy-porosity-based
solidification-melting model, was included for modeling the
phase change phenomenon. Coupling of pressure and velocity
fields was accomplished via the SIMPLE algorithm, and a
second-order upwind scheme was used for the momentum and
energy equations, as shown in Table 4.

Table 4. Numerical solver settings and discretization
schemes used in ANSYS Fluent

Solver Option Setting/Value
Solver type Pressure-based, transient (implicit)
Gravity —9.81 m's 2 in the Y-direction
Turbulence/flow .
Laminar
model
Energy equation Enabled

Solidification & Melting (Voller—

Phase-change model Prakash enthalpy—porosity)

Pressure—velocity

- SIMPLE
coupling
Pressure PRESTO!
discretisation
Mome.ntu.m Second-order upwind
discretisation
Energy discretisation Second-order upwind
Transient . ST .
formulation First-order implicit (time stepping)

1073 (continuity, momentum); 10°¢
(energy)
20

Convergence criteria

Max. iterations/time
step
At = 0.5 s (initial), progressively
increased while maintaining
convergence

08:00 (Day 1) — 08:00 (Day 2) =24 h

Time-step strategy

Total simulation
period

The assumption of constant thermophysical properties
represents a numerical simplification, since the properties of
the HTF and PCM may vary with temperature.

This assumption may bring deviations in the forecast local
temperature distribution, heat-transfer rate, and PCM melting
behavior. Similarly, under conditions near the transitional
regime, the laminar-flow assumption can impact predicted
HTF-side convective heat transfer. However, all the
assumptions for the numerical model were satisfied, since it
replicates the experimental temperature behavior well by
showing that the basic thermal response and phase-change



characteristics of the present system are adequately described.
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Figure 6. Charging and discharging temperature profiles of
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The charging and discharging temperature profiles for the
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Figure 7. Temporal variation of the phase change material
(PCM) outlet and storage-tank temperatures during charging
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Figure 8. Effect of phase change material (PCM) mass on the
storage-tank temperature over 24 h

Moreover, Figure 8 compares the thermal behavior of the
storage system for the three PCM masses over 24 h. Increasing
PCM mass prolonged the discharge period and hot-water
availability, whereas the charging time changed only
moderately. The 10 kg case exhibited the fastest thermal
response but the shortest heat-retention period, while the 30 kg
case provided the longest heat supply owing to its greater
sensible and latent heat-storage capacity. The 20 kg case
showed intermediate behavior. Because the same double-
helical-coil heat exchanger was used for all cases, increasing
PCM mass required a larger amount of material to be heated
through the same heat-transfer surface, resulting in a slower
thermal response. Therefore, PCM mass should be selected
according to the required balance between storage capacity,
response time, and heat-supply duration.

Additionally, the experimentally determined thermal energy
recovery efficiency was calculated as the ratio of the energy
recovered by the HTF during discharge to the energy supplied
by the HTF during charging. Accordingly, the thermal energy
recovery efficiency was calculated using Eq. (14) [23].

Qrecovered  Qdischarging

u= (14)

Qsupplied ~  Qcharging

The thermal energy recovery efficiency of the PCM storage
unit was evaluated based on the amount of thermal energy
recovered during the discharge process. From the above
results, it is evident that the heat recovery efficiency was found
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to increase due to the increase in the mass of PCM, starting at
41.7% with 10 kg of PCM, to 55% with 20 kg of PCM, and
finally to 66.8% with 30 kg of PCM, as summarized in Table
5. The improvement in heat recovery efficiency is mainly due
to the enhanced capacity of heat storage in higher PCM mass.
To provide a clearer quantitative assessment of the practical
effect of PCM mass, the main thermal performance indicators
for the 10, 20, and 30 kg cases are summarized in Table 5

Without PCM, useful hot-water availability was maintained
for approximately 2 h, whereas the retention period increased
to approximately 4, 6, and 8 h for the 10, 20, and 30 kg PCM
cases, respectively. This improvement is attributed to the
increased sensible and latent heat-storage capacity at higher
PCM masses, which enables stored thermal energy to be
released over a longer period after solar input decreases.
Consequently, the 30 kg case provided the longest hot-water
retention, while the 20 and 10 kg cases showed intermediate
and shorter durations, respectively.

Figure 9 further demonstrates the effect of PCM mass on
hot-water retention.

(a)Water Temperature Variation{10kg)
50
o 40
@ |30
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o 20
E 10
&
[ 0
% “b -
. % 4: "'4 ":' 137
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o
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=
s
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o
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Time (h)
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L 40
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P
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=
: ) I ' '
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‘*’47 9;, 47 *t:, ‘*’47 "’47
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Figure 9. Comparison of storage-tank water temperature
with and without phase change material (PCM) at different
PCM masses



Table 5. Quantitative comparison of the thermal performance
for different phase change material (PCM) masses

Parameter PCM Mass
10 kg 20 kg 30 kg
Stored
thermal 2.5 3.6 4.2
energy (kWh)
Thermal
energy 417 55.0 66.8
recovery
efficiency (%)
Thermal Faster Intermediate Slower
response
Highest
Lower Balanced S“’?age
capacity and
. storage storage
Practical . . . recovery
interpretation capacity with  capacity and efficienc
i lower PCM thermal . ¥,
. with greater
requirement response PCM
requirement

3.2 Numerical results

The numerical model was validated against the current
experimental data of the HTF outlet temperature recorded
from 8:00 AM to 12:30 AM the following day. The
comparison between the simulated and experimentally
measured outlet temperatures is presented in Figure 10.
Overall, the CFD model reproduces the experimentally
observed thermal behavior with good fidelity across the
charging and discharging processes. These results confirm that
the numerical model is sufficiently validated for interpreting
the heat-transfer and phase-change mechanisms in the 30 kg
PCM case.

70
60
& 50
o
5 40
£
g 30
§ 2 . .
bl 10 ey Present Simulation
) ==l Experiment
0
8:00 10:00 12:00 2:00 400 630 830 10:30 12:30
AM AM PM PM PM PM PM PM AM
Time (h)

Figure 10. Validation of the numerical results against the
experimental results

The small deviations between the numerical and
experimental results may be attributed to variations in the
actual thermophysical properties of the PCM with
temperature, experimental measurement uncertainties, and
simplifications adopted in the numerical model. The
experimental uncertainties were +2 °C for temperature, 0.1
L/min for flow rate, and £5% for solar radiation.

Also, assumptions of constant thermophysical properties,
laminar flow, and idealized boundary conditions may lead to
discrepancies. It has been observed that the predicted trend of
outlet temperature was in good agreement with experimentally
obtained data, which shows that CFD simulation can
efficiently be used to carry out heat transfer and phase change
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at a PCM storage unit. A time-dependent form of temperature
contour is shown in Figure 11. This is to clarify the phase
transition, which was not visible in the fully covered storage
system.

Figure 11. Temperature contours within the phase change
material (PCM) storage unit during the charging and
discharging processes at different times: (a) 9:00 AM, (b)
1:00 PM, (c) 5:00 PM, (d) 7:00 PM, (e) 11:00 PM, and (f)
1:00 AM

pa—

[Hl

Figure 12. Evolution of phase change material (PCM) liquid-

fraction contours during charging and discharging at different

times: (a) 9:00 AM, (b) 11:00 AM, (c) 1:00 PM, (d) 3:00 PM,
(e) 5:00 PM, (f) 7:00 PM, (g) 9:00 PM, (h) 11:00 PM

The 30 kg case CFD results provide a physical explanation
for the thermal responses observed experimentally. Figure 12
shows that the PCM next to the helical coil first heats and
melts, while further away from the heat-transfer surface are
slow-moving. This indicates that heat transfer is initially
governed mainly by conduction near the coil, followed by



buoyancy-driven natural convection as the liquid PCM region
develops. During discharge, solidification begins near the
heat-transfer surface, and the growing solid PCM region
increases the effective thermal resistance, thereby reducing the
heat-transfer rate. The importance of thermal resistance in
controlling PCM phase-change performance has also been
reported by Opolot et al. [26]. Although the CFD simulation
was performed only for the 30 kg case, these physical
mechanisms help interpret the experimental differences
among the 10, 20, and 30 kg cases. With the same helical-coil
heat-transfer surface, the 10 kg case requires less energy to
heat and melt the PCM and therefore shows a faster thermal
response but a shorter heat-release duration; the 20 kg case
exhibits intermediate behavior; and the 30 kg case has greater
sensible and latent heat capacity and thermal inertia, leading
to a slower thermal response but longer heat retention and
discharge duration.

4. CONCLUSIONS

This study experimentally investigated the effect of PCM
mass on the thermal performance of a PTC integrated with a
PCM-based thermal energy storage unit under real outdoor
climatic conditions in Kirkuk, Iraq. Three paraffin wax masses
of 10, 20, and 30 kg were examined, while a three-dimensional
transient CFD model was developed and validated for the 30
kg case. The following are the main findings:

Integration of PCM thermal energy storage greatly
enhanced hot-water availability after sunset. The system
without PCM had an availability of useful hot-water for about
2 h after sunset, while the case with 30 kg of PCM extended
this to approximately 8 h.

Increasing the PCM mass produced greater thermal storage
capacity of the system. The stored thermal energy (theoretical)
also increased from 2782 kJ (for 10 kg of PCM) to 8094 kJ for
the 30 kg case.

The amount of thermal energy recovered increased with
increasing PCM mass. The recovery ratio was 41.7% for the
10 kg, while for the 30 kg case, it increased to approximately
66.8%.

Larger PCM mass resulted in a compromise between
storage capacity and the response time to heating. The 10 kg
case had a relatively lower thermal storage capacity and heat-
supply duration than the 30 kg case while providing the fastest
thermal response, whereas the 30 kg case offered very high
thermal storage ability and maintained this effect for a much
longer time at the cost of slower response. The 20 kg case was
an intermediate situation.

The 30 kg case CFD analysis identifies the primary heat-
transfer and phase-change mechanisms, consistent with those
derived from physical reasoning to explain the experiment.

According to the above, the right amount of PCM should be
chosen depending on what is needed for the specific solar
thermal application rather than simply maximizing this
amount. A lower PCM mass may be preferred when faster
thermal response, lower storage-space requirement, and lower
PCM material demand are important, whereas a higher PCM
mass is more suitable when greater storage capacity and
extended post-sunset heat supply are required. The 20 kg case
provides an intermediate balance between these
characteristics. Therefore, the present results should be
regarded as a comparative design assessment within the
investigated PCM mass range rather than a formal economic
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or mathematical optimization.
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