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This study investigates the design optimization and performance enhancement of a novel triplex-tube phase
change material (PCM)-to-air heat exchanger with optimized longitudinal fin configurations for building heating
applications. Comprehensive numerical simulations were conducted to evaluate the influence of fin number,
distribution, dimensions, and operating conditions on critical performance metrics. Seven fin configurations were
analyzed under various Reynolds numbers (500-2000) and inlet air temperatures (0-10 °C). Results demonstrate
that the optimal fin arrangement (10 fins inner pipe, 28 fins outer pipe) achieved 55.3 % reduction in PCM
solidification time and 117.3 % increase in heat recovery rates compared to non-finned configurations.
Increasing Reynolds number from 500 to 2000 enhanced overall heat recovery by 113 % while reducing so-
lidification times by 45 %, though with a 14.3 % trade-off in peak outlet temperature. Decreasing inlet tem-
perature from 5 °C to 0 °C improved total system heat recovery by 24.7 % and reduced solidification time by
about 25 %. The study advances the field by introducing an innovative asymmetric PCM distribution across dual
annular spaces with optimal fin arrangements, establishing critical design guidelines for high-performance PCM-
based heating systems.

1. Introduction

The global building sector represents a critical focus for energy ef-
ficiency initiatives, accounting for approximately 32-33 % of total en-
ergy consumption worldwide, with space heating alone comprising
18-73 % of this demand depending on climate conditions and regional
factors [1]. This substantial energy footprint translates directly to
environmental impact, with building heating systems contributing
around 40 % of global carbon dioxide emissions [2]. As international
commitments to carbon neutrality intensify and energy costs continue to
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rise, developing efficient, sustainable building thermal management
solutions has become increasingly urgent for both environmental sus-
tainability and economic viability.

Among various emerging technologies addressing this challenge,
thermal energy storage (TES) has gained significant attention as pivotal
enabler of more sustainable building applications [3]. TES systems
effectively decouple energy generation from utilization, allowing
buildings to capture thermal energy during periods of excess availability
and release it during peak demand, thereby optimizing energy distri-
bution, and reducing peak loads [4]. Within the spectrum of TES
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approaches, latent-heat TES (LHTES) utilizing phase-change materials
(PCMs) offers particularly compelling advantages for building applica-
tions due to its exceptional thermal performance characteristics [5].
PCMs demonstrate remarkable energy density capabilities, storing 5-14
times more thermal energy per unit volume than conventional sensible
TES materials while operating within narrow temperature fluctuations
[6]. This near-isothermal operation during phase transitions aligns
exceptionally well with human thermal comfort requirements and
building heating demands [7]. These properties position PCM-based
systems as highly promising solutions for addressing energy efficiency
challenges in the building sector, particularly for space heating appli-
cations where they can capture excess thermal energy during off-peak
periods and release it during peak demand, creating more stable and
efficient thermal management.

Various PCMs have been explored for building heating applications
[8,9]. Among these, organic PCMs, specifically paraffins have been most
widely applied in building heating systems [10,11]. Paraffins offer
favorable properties including suitable melting ranges (20-60 °C),
negligible subcooling, chemical stability, non-corrosiveness, and long-
term cycling reliability, making them particularly attractive for indoor
thermal comfort applications [12]. However, these PCMs exhibit
inherently low thermal conductivity (typically ranging from 0.2 to 0.4
W/m-K) [13,14], which substantially impairs heat transfer rates during
both charging (melting) and discharging (solidification) processes. This
limitation manifests as extended thermal response times that would fail
to meet the dynamic heating demands of building environments,
particularly during rapid temperature fluctuations or sudden heating
requirements [15].

The heat transfer bottleneck in these materials is especially pro-
nounced during solidification, where the growing solid PCM layer
adjacent to heat transfer surfaces eliminates convective motion in the
solidified region, making conduction is the dominating mechanism for
heat removal in PCM systems [16]. This limitation significantly di-
minishes the practical utility of these systems in real-world building
settings by extending discharge times beyond acceptable operational
windows [17]. Furthermore, conventional PCM-based heat exchangers,
such as shell-and-tube and double-tube designs, have been extensively
investigated and provide useful baselines for performance evaluation.
However, these traditional configurations often suffer from prolonged
melting/solidification times and limited energy recovery efficiency
when evaluated under uniform parameters such as heating power,
melting rate, or thermal-hydraulic efficiency. These limitations restrict
their applicability in dynamic building heating scenarios, where rapid
thermal response and sustained energy delivery are essential.

To overcome these fundamental limitations, researchers have
explored numerous heat transfer enhancement techniques for PCM
systems, including the incorporation of high-conductivity additives such
as metal particles or carbon-based materials [18], micro/macro encap-
sulation strategies to increase surface area-to-volume ratios [19], and
various extended surface designs [20-22]. Among these approaches,
finned heat exchangers have demonstrated considerable practical
promise due to their manufacturing feasibility, relative cost-
effectiveness, and substantial documented performance improvements
[23]. The thermal performance of finned PCM heat exchangers depends
on multiple interrelated parameters, including fin geometry, spacing,
thickness, material properties, and spatial arrangement [24]. Devel-
oping an optimal configuration requires careful balancing of increased
conductive pathways with sufficient PCM volume to maintain adequate
energy storage capacity [25]. Furthermore, in air-based systems spe-
cifically, the fin arrangement must simultaneously enhance airside heat
transfer while minimizing pressure drop to reduce fan power con-
sumption and associated operational costs, adding another layer of
design complexity [26,27].

Conventional PCM heat exchanger designs have predominantly
employed shell-and-tube, plate, or compact configurations with single
PCM compartments [28]. While these traditional arrangements have
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been extensively studied and incrementally improved, they still struggle
to achieve the rapid thermal response necessary for building heating
applications [29]. The triple-tube heat exchanger (TTHX) represents an
emerging configuration that offers superior heat transfer area per unit
volume and enables novel thermal energy transfer pathways that could
potentially overcome the limitations of conventional designs [30].
Recent studies have explored conventional TTHXs for various applica-
tions and reported significant performance improvements compared to
double-tube designs in terms of both energy transfer rates and thermal
response times [31,32].

As summarized in Table 1, various fin configurations have been
extensively studied to enhance PCM heat transfer in TTHXs, with re-
searchers demonstrating significant performance improvements
compared to non-finned designs. The configuration, orientation, di-
mensions, and material of fins play crucial roles in performance
enhancement, with the most effective designs achieving 40-70 %
reduction in melting/solidification times and 30-150 % increases in
heat transfer rates compared to conventional systems. However,
research on air-to-PCM heat transfer in triple-tube configurations re-
mains remarkably scarce, with no comprehensive studies addressing the
complex optimization requirements specific to building heating appli-
cations where air is the primary heat transfer medium [16].

This study introduces a novel triplex-tube TES system incorporating
RT25HC as the PCM, specifically engineered for building heating ap-
plications to overcome the shortcomings of conventional structures and
to provide a fair comparative framework for assessing performance
improvements. Unlike previously studied configurations, the system

Table 1
Summary of fin configuration performance in TTHXs with PCMs.
Fin Key Performance Geometric Reference
Configuration Enhancement Parameters
Fractal H- 69.14 % improvement Optimized Triki et al.
shaped fins in heat transfer branching patterns [33]
performance
Staggered 59.1 % increase in heat Longer fins (0.67 Xinguo et al.
circular fins storage rate; 37.2 % mm x 15 mm) vs [34]
reduction in melting base case (2 mm x
time 5 mm)
Branched fins 35 % reduction in Optimum angles: «  Hussain et al.
melting time; 47.6 % =60° f = 50° [35]
increase in energy
transfer rate
T-shaped fins 33.5 % reduction in Optimum length: Fethi et al.
melting time with 36 30 mm; width: 45 [36]

Circular angled

fins solidification time [37]1
(1973 s)
Arc-shaped fins 17 % increase in 90° circular angle, Abed et al.
melting rate vs inline distribution [38]
rectangular fins; 93.1 %
vs no fins
Arch-shaped 53 % reduction in Equal inner/outer Boujelbene
fins melting time; 117 % fin base heights of et al. [39]
improvement in heat 10 mm
storage rate
Annular fins Optimal case (30 fins) Additional fin at Abdullah
achieved 85.8 % faster bottom improved et al. [40]
melting vs 4 fins performance
Leaf-vein 23.8 % reduction in Two branched fins Hashim et al.
inspired melting time; 28.8 % with 140° angle [41]

branched fins

mm? less fin area

44 % faster

reduction in
solidification time

mm; thickness: 0.5
mm
17.5 mm length fins

Kaplan et al.

Crossed Increased PCM melting Optimum length: Fang et al.
snowflake fins accumulation by 3.92 11 mm; width: 0.8 [42]
kJ; solidification mm; bifurcation
exotherm by 5.77 kJ angle: 60°
Triangular fins 40 % acceleration of Eight triangular Yan et al.

melting process

fins on inner and
outer walls

[43]
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innovatively distributes the PCM across two distinct annular spaces
(inner and outer) with strategic asymmetric mass allocation (0.45 kg
and 0.87 kg, respectively). This approach offers superior performance
through three mechanisms: (1) thermal load distribution across multiple
PCM compartments reduces individual compartment thermal stress and
enables optimized fin arrangements, (2) asymmetric PCM mass alloca-
tion creates controlled thermal response sequencing for improved dy-
namic performance, and (3) dual annular heat transfer surfaces provide
enhanced surface-to-volume ratios while maintaining compact system
geometry. Longitudinal fins are implemented in these PCM domains to
enhance thermal conductivity while maintaining a constant total fin
volume across different configurations, enabling meaningful compari-
son among various enhancement techniques. The study also aims to
investigate the influence of fin number, distribution, and dimensions on
both steady-state and transient thermal performance of the proposed
triplex-tube PCM-to-air heat exchanger. It examines how key design
parameters and operating conditions (including Reynolds number and
inlet air temperature) affect critical performance metrics, including heat
recovery rate, PCM solidification time, outlet air temperature profile,
and pumping power requirements. The findings provide valuable design
guidelines for developing high-performance PCM-based heating systems
that can effectively address the challenges of energy efficiency and
thermal comfort in buildings while advancing the theoretical under-
standing of multi-compartment PCM heat exchanger design principles.
Although traditional shell-and-tube and double-tube PCM heat ex-
changers have been widely studied, they often suffer from limited heat
transfer surface area and prolonged thermal response times. The triplex-
tube configuration proposed in this work aims to overcome these limi-
tations by simultaneously extracting heat from dual PCM compartments,
improving thermal gradients, and enabling tailored fin arrangements.
This makes the design particularly relevant for building heating appli-
cations where both rapid response and sustained heat delivery are
required.

2. Problem description
2.1. Triple-tube TES system configuration

This study investigates a novel triplex-tube TES system incorporating
PCM (RT25HC) for heating applications. The heat exchanger is designed
for boosting the air temperature used for heating in building’s applica-
tions. Thus, the system consists of three concentric tubes creating a
distinctive configuration with PCM contained in two annular spaces to
heat the air from both inner and outer tubes. The inner pipe has an inner
diameter of 50 mm with a 2 mm wall thickness, while the middle pipe
features an inner diameter of 90 mm and a 2 mm wall thickness. The
outer pipe has an inner diameter of 116.34 mm with a 2 mm wall
thickness. As illustrated in Fig. 1(a) showing the case without fins in the
PCM domain, the PCM fills both the inner and outer annular spaces,
while air flows through the central channel. The outer pipe diameter was
specifically selected to optimize the heat transfer area ratio between the
middle tube and PCM tubes, ensuring balanced thermal performance.
The PCM mass distribution between the two annular spaces is uneven:
0.45 kg in the inner pipe annular space and 0.87 kg in the outer pipe
annular space. This asymmetric distribution significantly influences the
thermal behavior of the system and guides the fin arrangement design
needed to achieve uniform heat transfer. The entire design aims to
efficiently recover and transfer thermal energy from the solidifying PCM
to the incoming cold air stream.

To improve heat transfer between the PCM and airflow and also
inside the PCM domain, longitudinal fins are incorporated in both PCM
domains, as shown in Fig. 1(b). While the total fin volume remains
constant across different configurations, the number and dimensions
vary to optimize performance. For the baseline configuration (Case 1),
the system includes 4 fins in the inner pipe with dimensions of 2.181
mm x 18.340 mm and 8 fins in the outer pipe with dimensions of 2.181
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(b)

Fig. 1. Schematic of the triple-tube PCM system showing the tube arrangement
and PCM distribution: (a) without fins, and (b) with longitudinal fins.

mm x 9.17 mm. The outer pipe contains more fins due to its larger PCM
mass, providing enhanced heat transfer rates necessary for the outer
annular space to achieve solidification times comparable to the inner
annular space. As the number of fins increases across configurations,
their thickness decreases proportionally to maintain constant volume,
creating a design trade-off between heat transfer area and fin conduction
effectiveness.

This triple-tube design is expected to improve performance through
three fundamental mechanisms: (1) The simultaneous heat extraction
from both annular spaces creates enhanced thermal gradients that
cannot be achieved in conventional single-compartment designs, (2) The
central air channel receives thermal energy from both PCM domains,
creating a more uniform temperature distribution compared to con-
ventional designs, and (3) The asymmetric PCM distribution enables
controlled solidification sequencing where the inner pipe provides rapid
initial response while the outer pipe sustains longer-duration energy
release. RT25HC was selected as the PCM based on both thermal per-
formance and operational compatibility with building heating systems.
It has a phase-change temperature range (22-26 °C solidus-liquidus),
which aligns closely with typical indoor comfort temperatures
(20-24 °C) as specified by ASHRAE 55 standards [44]. Furthermore, it
has a relatively high latent heat of fusion (230 kJ/kg) [45], which offers
good energy storage density for space heating applications. Table 2 lists
the key thermophysical properties of RT25HC.

The storage unit optimized in this study represents a simplified,

Table 2
Thermophysical properties of the PCM (RT25HC) used in the
triple-tube TES setup [45].

Property Value

p (kg/m%) 880 (solid) / 770 (liquid)
k (W/m.K) 0.2

Cp (J/kg K) 2000

fr (KD 0.0005

4 [N.s/m?] 0.035

Ly (J/kg) 230,000

Tm (°C) 22 (solidus) / 26 (liquidus)
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scaled-down model of a more complex system that integrates multiple
triple-tube TES units. The proposed triplex-tube configuration is
compatible with conventional fabrication techniques. The three
concentric tubes can be manufactured by roll-forming, and the longi-
tudinal fins can be fabricated via extrusion and then attached by stan-
dard welding or brazing. In the full-scale application, these units can be
arranged in parallel and series configurations, depending on the size and
thermal requirements of the building. Fig. 2 illustrates a schematic of the
operational configuration of the system designed for applications in
building in combination with other components required for the storage
unit and also integrated with a solar system. The system comprises a
heating solar collector with circulation fan, the TES unit with circulation
fan, the fresh air supply and the building. In this setup, the PVT module
serves to produce both electricity and heat required in the building.
Electricity is required to circulate air across the system. The heat is
transferred to the storage system to be then used during the high-
demand hours. The TES is used to discharge heat to the air used for
heating in the building. During the charge mode, the heat generated in
the solar collector is transferred to the TES. By integrating the TES unit
with the PVT module, it becomes capable of supplying the heat required
for the heating load and hot air demand. This study is focused on the
discharging performance of PCM for heating purpose to prove the
capability of this system in providing the heating demand of the building
using air as the heating fluid.

2.2. Simulation cases

2.2.1. Steady-state analysis cases

The steady state analysis focuses on evaluating the air flow and heat
transfer characteristics with constant wall temperature conditions of
25 °C. The aim of steady-state simulation is to reach the optimum case
for the air flow in the middle pipe to prevent unnecessary computational
cost of simulating the entire domain. For this purpose, seven configu-
rations (SS0-SS7) are evaluated to determine the optimal number of fins
and pipe length, as illustrated in Figs. 3 and 4. Configurations SSO
through SS3 examine the effect of increasing the number of fins from 16
to 32 while maintaining a constant pipe length of 300 mm. This allows
for assessment of how fin density affects outlet temperature and pressure
drop. Configurations SS3 through SS5 investigate the effect of fin length
variation from 16 mm to 8 mm while maintaining 32 fins. This series of

LHTES unit

LHTES cycle
_—

LHTES_air circulation
blower/fan

Fresh Air Intake

%
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Fig. 3. Schematic of the steady-state analysis setup showing the air-flow
configuration.

tests helps identify the optimal fin dimensions to balance heat transfer
and flow resistance. Furthermore, configurations SS3, SS6, and SS7
focus on the effect of pipe length variation from 300 mm to 200 mm and
400 mm with 32 fins. These tests provide insight into how the heat
exchanger length influences the outlet temperature and overall thermal
performance.

2.2.2. Transient analysis cases

Seven configurations (Cases 0-6) are numerically examined to
evaluate the dynamic performance during PCM solidification as heat
transfers from the initially liquid PCM at 25 °C to the colder airflow, as
shown in Fig. 5 and Table 3. Cases 0 through 4 implement a progressive
increase in fins’ numbers, starting from no fins in Case 0 to 10 fins in the
inner pipe and 20 fins in the outer pipe for Case 4. This progression
reveals how fin density influences the solidification rate and heat re-
covery. Cases 4 through 6 maintain fixed inner pipe fins at 10 while
increasing outer pipe fins from 20 to 28. This series focuses on opti-
mizing the outer pipe performance since it contains nearly twice the
PCM mass of the inner pipe. Additional parametric studies explore the
effect of Reynolds number variation (Re = 500, 1000, 2000) and air inlet
temperature variation (0 °C, 5 °C, 10 °C). These studies provide valuable
insight into how operational conditions affect the system performance.

2.3. Performance metrics

The system’s performance is evaluated using several key metrics. The

Building

Solar PVT collector
\.‘ : 'l'

\
- § -
SAEILAR - «
SmaRTw

Solar cycle FEERER
« — it
Central air control id
. =
unit
o
I a )

Solar air circulation
blower/fan

Fig. 2. A schematic of system operation for building heating applications.
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000

Case SSO Case SS1

Case SS3
(L=300mm)

Case SS2

000

Case SS4 Case SS5

Case SS6
(L=200mm)

Case SS7
(L=400mm)

Fig. 4. Cross-sectional views of eight fin configurations (SS0-SS7) for steady-state analysis showing varying fin numbers, fin dimensions, and pipe lengths.

air outlet temperature profile over time directly relates to the usefulness
of the heat exchanger for heating applications. PCM solidification time
serves as a critical metric for system recharging requirements. Heat re-
covery rate quantifies the thermal energy extracted from the PCM during
operation. Liquid fraction evolution provides insights into how the
phase change process progresses within the different regions of the heat
exchanger. The objective is to identify a configuration that maximizes
heat recovery while achieving complete PCM solidification within the
operational timeframe of 2-3 h. This balances thermal performance with
PCM storage efficiency to create a practical triple-tube PCM heat
exchanger design.

3. Mathematical model and boundary conditions
3.1. Phase-change governing equations

The phase change process of PCM within the TTHX system is
modeled using the governing conservation equations with enthalpy-
porosity technique by Brent et al. [46] to capture the behavior of PCM
solidification. This approach models the mushy zone (the partially so-
lidified region) as a porous medium, where the porosity is defined by the
local liquid fraction, effectively modeling the gradual transition between
solid and liquid states without explicitly tracking the moving solid-
liquid interface. For both the PCM domains and airflow channel, the
conservation of mass is expressed as:

a—”+v.(p7) =0 a
ot

where p represents the density, t is time, and V denotes the velocity
vector.

The momentum conservation equation for the PCM domain in-
corporates the Boussinesq approximation for natural convection effects
and includes a momentum sink term to account for the phase change
process:

p%—?+p(7-v)?: ~VP+u(VEV) +pB(T-Tu)) § - S @

where P represents pressure, p is dynamic viscosity, p is the thermal

expansion coefficient, T is temperature, Ty is the reference temperature
for the Boussinesq approximation, g is the gravitational acceleration

vector, and S is the momentum sink term formulated according to the
Carman-Kozeny equation for flow through porous media. The Boussi-
nesq approximation is valid since maximum density variation (BAT = 5
x 107* x 26 °C) < < 5 % criterion for natural convection applications in
in PCM systems [46].

_
The momentum sink term S is defined as:

2
S oAty ®3)
A te

where A,, is the mushy zone constant (set to 105 kg/m>.s),  is the liquid
fraction, and e (typically 0.001) is a small computational constant to
prevent division by zero when the liquid fraction approaches zero. This
formulation effectively damps velocity in partially solidified regions and
reduces it to zero in fully solidified regions. The value of Ap, was set to
10° kg/m3-s based on the literature-recommended range (10*-107) [47].
This value also provided good agreement with the experimental results
of Longeon et al. [48] and Al-Abidi et al. [49] used for validation, as
demonstrated in Section 3.3.

The energy conservation equation accounts for both sensible and
latent heat effects during the phase change process:

T
pcp%t +V- (pchT) = V-(kVT) - S, (4)

where G, is the specific heat capacity, k is the thermal conductivity, and
S, represents the latent heat source term associated with phase change.
The latent heat source term S; is formulated as:

I(My) 7
Su=p=3l+ pv(vuf) )
where Ly is the latent heat of fusion of the PCM.

The liquid fraction A is calculated based on the temperature field
using a piecewise linear function to model the mushy zone between
solidus and liquidus temperatures:
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Case 0

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

Fig. 5. Cross-sectional views of seven triple-tube configurations (cases 0-6) with varying fin numbers and arrangements.

Table 3
Study cases for transient simulations: distribution of fins in inner and outer
pipes.

Case Case Case Case Case Case Case
0 1 2 3 4 5 6
Number of fins 0 4 6 8 10 10 10
in inner pipe
Number of fins 0 8 12 16 20 24 28

in outer pipe

0 lf T< TSolidu.s

_ AH _ 1 lf T> TLiquidus

A=—=
Ly

©
T — Tsolidus .

o lf TSolidus <T< TLiquidu:

TLiquidus - TSolidus

where AH represents the change in enthalpy, Tsoidqus iS the solidus
temperature (22 °C for RT25HC), and Tiiquiaus is the liquidus tempera-
ture (26 °C for RT25HC).

The total enthalpy of the PCM is computed as the sum of sensible
enthalpy (hsensible) and latent heat content (AH):

T
H = Rgensible + AH = Ao + / CPdT-i-}\.Lf @
Tref

where hy is the reference enthalpy at the reference temperature.

For natural convection in the liquid PCM, the Boussinesq approxi-
mation is employed to model density variations that drive buoyancy-
induced flows:

P = Pret [1 - ﬁ(T_ Tref) ] (€)]

where p, is the reference density at temperature T, This approxi-
mation is valid for small temperature differences where density varia-
tions are only significant in the buoyancy term of the momentum
equation.

3.2. Heat transfer fluid (air) governing equations
For the air flowing through the central channel, the governing

equations follow the standard form of the Navier-Stokes equations,
without the phase change terms:

%+V~(p7) =0 ©)
pg+p(‘7-V)‘7: - VP+p(V2V) (10)
pcp‘;—f +V (pcpT/’T) = V-(kVT) 11

Air properties are treated as temperature-dependent to account for
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variations across the temperature range encountered in the system.
Laminar flow is assumed since maximum Reynolds number (2000) is
below critical transition value (Recyt = 2300-3000) for annular
geometries.

3.3. Performance metrics

3.3.1. Heat recovery rate
The rate of thermal energy storage or release during the phase
change process is quantified as:

. E, —E

Fp—e 5 12)
tm

where t,, is the phase change duration, and E. and E; are the total

thermal energy content of the PCM at the end and beginning of the phase

change process, respectively. The total thermal energy includes both

sensible and latent components:

E:/ P[Cy (T — Trer) +ALs |dV 13)
Veem

where Vpcy is the PCM volume.

3.3.2. Energy efficiency ratio (EER)
The energy efficiency ratio (EER) is defined as the ratio of useful
thermal energy recovered to electrical energy consumed for pumping as:

B Qrecovered B Einner + Fouter

EER -
AP-V

== = a4
Wpumping

where Qrecovered is the total heat recovery rate, Wpumping is the

pumping power, AP is pressure drop, and V is volumetric flow rate.

3.3.3. Solidification time

The solidification time is defined as the time required for the average
liquid fraction of the PCM to reach a specified threshold value (typically
0.05), indicating near-complete solidification:

tolidification = t @t which A < Mpreshold

where X is the volume-averaged liquid fraction.

3.4. Boundary and initial conditions

At the beginning of the simulation (¢t = 0), the following initial
conditions are applied:

a. The PCM is in a fully liquid state (A = 1) at a uniform temperature of
25°C

b. The HTF (air) is at the specified inlet temperature (varied between
0°Cand 10 °C)

c. Zero velocity is prescribed for both the PCM and air domains

The following boundary conditions are imposed on the computa-
tional domain:

1. Air Inlet: Uniform velocity corresponding to the specified Reynolds
number (Re = 500, 1000, or 2000) with constant inlet temperature
(varied as 0 °C, 5 °C, or 10 °C).

2. Air Outlet: Zero gauge pressure condition

3. Solid Walls: No-slip condition (7 = 0 at all solid walls) with adia-
batic condition at the outer boundary of the system (assuming per-
fect insulation)

4. Interfaces: Continuity of temperature and heat flux at material
interfaces:
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0T
on

JaT;
T; = Ty and ki% =k

where indices i and i + 1 represent adjacent materials, and n is the
normal direction to the interface.

4. Numerical methodology
4.1. Numerical solution framework

The governing equations regulating the thermal exchange system
and phase change development were solved using the commercial CFD
solver ANSYS-FLUENT V. 2023R1. The coupled heat transfer and fluid
flow phenomena were modeled using a finite volume method with a
pressure-based solver approach. For the PCM domains, the enthalpy-
porosity technique was implemented to track the progress of the solid-
liquid interface without explicitly defining the moving boundary con-
ditions. The SIMPLE algorithm was employed to handle pressure-
velocity coupling, which is particularly suitable for pseudo-transient
simulations of the type conducted in this study. For spatial discretiza-
tion, the QUICK scheme was utilized for the momentum and energy
equations due to its high-order accuracy. The pressure field was dis-
cretized using the PRESTO scheme, which is well-suited for flows
involving steep pressure gradients commonly encountered in natural
convection within melting PCMs.

For temporal discretization in the transient simulations, a first-order
implicit scheme was used, providing unconditional stability regardless
of the time step size. The convergence criteria were carefully established
to ensure the accuracy of the numerical solution. Scaled residuals of
10~* were set as the convergence threshold for both the continuity and
momentum equations, while a more stringent criterion of 107 was
applied to the energy equation due to its critical role in capturing the
phase change phenomena and heat transfer processes. Under-relaxation
factors of 0.3, 0.7, and 1.0 were applied to pressure, momentum, and
energy equations, respectively, to enhance numerical stability while
maintaining reasonable convergence rates.

4.2. Mesh independence analysis

The computational domain was discretized using uniform hexahe-
dral elements in regular regions and near the fins. A mesh independence
test was conducted separately for the steady-state and transient simu-
lations to ensure that the numerical solutions were independent of the
spatial discretization. For the steady-state analysis of the air section, four
mesh densities with approximately 350,000, 440,000, 610,000, and
750,000 cells were evaluated using Case SS1 (Fig. 6) at a Reynolds
number of 2000, which represents the most challenging flow condition
in terms of numerical stability and accuracy. The key performance
metrics monitored were the outlet air temperature and pressure drop
across the heat exchanger, as these parameters directly affect the
thermal-hydraulic performance of the system. As presented in Table 4,
there was a notable difference in outlet temperature between the
350,000 and 440,000 cell meshes (22.38 °C versus 22.48 °C, repre-
senting a 0.45 % increase). Similarly, the pressure drop increased from
1.96 Pa to 1.97 Pa (0.51 % increase). However, further refinement to
610,000 and 750,000 cells resulted in negligible changes in both outlet
temperature (less than 0.05 % variation) and pressure drop (less than
2.5 % variation). Based on these results, the 440,000-cell mesh was
determined to provide an optimal balance between computational effi-
ciency and solution accuracy for the steady-state simulations.

For the more computationally intensive transient simulations
involving phase change phenomena, three mesh densities with approx-
imately 880,000, 1,000,000, and 1,220,000 cells were evaluated using a
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Fig. 6. Effect of a) number of cells and b) time step sizes on the liquid fraction
of PCM in the inner and outer pipes.

Table 4
Mesh independence study for the air section using steady state simulation.

Number of cells Outlet Temp. (C) Pressure drop (Pa)

350,000 22.38 1.96
440,000 22.48 1.97
610,000 22.47 2.01
750,000 22.48 2.02

constant time step size of 0.2 s. The liquid fraction evolution in both the
inner pipe (IP) and outer pipe (OP) PCM domains was monitored as the
primary indicator of mesh independence, as this parameter directly
characterizes the phase change dynamics and overall system perfor-
mance. As illustrated in Fig. 6a, the liquid fraction profiles for all three
mesh densities showed excellent agreement throughout the entire
simulation period (0-10,000 s) for both the inner and outer pipe PCM
domains. The maximum deviation in liquid fraction between 880,000
and 1,000,000 cell meshes was less than 2 %, while the difference be-
tween the 1,000,000 and 1,220,000 cell meshes was less than 0.8 %.
Considering these minimal variations and the substantial increase in
computational resources required for the finer mesh, the 1,000,000-cell
mesh was selected as the optimal discretization for the transient simu-
lations, providing a good compromise between solution accuracy and
computational efficiency.

Following the establishment of spatial discretization independence, a
time step sensitivity analysis was performed to determine the optimal
temporal resolution for the transient simulations. Using the selected
1,000,000-cell mesh, three different time-step sizes (0.1, 0.2, and 0.4 s)
were evaluated by monitoring the liquid fraction evolution in both PCM
domains. As shown in Fig. 6b, the liquid fraction profiles for all three
different time-step sizes demonstrated excellent agreement throughout
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the simulation period for both the inner and outer pipe PCM domains.
The maximum discrepancy between the 0.1-s and 0.2-s time steps was
less than 1.5 %, while the difference between the 0.2-s and 0.4-s time
steps was approximately 2.1 %. Given these minimal variations and
considering the computational efficiency, the 0.2-s time step was

selected as the optimal temporal resolution for all subsequent transient
simulations.

4.3. Model validation

To validate the numerical methodology employed in this study, a
comprehensive comparison was first conducted against the experi-
mental findings of Longeon et al. [48] on melting of RT35 PCM in a
double-tube heat exchanger system. Their experimental setup involved
water flowing through the internal tube and PCM contained in the
annular space between the two tubes. Fig. 7(a) shows a comparison of
the PCM temperature evolution during the melting mode as predicted by
the current numerical model against the experimental measurements.
The results demonstrate excellent agreement throughout the entire
melting duration, with a maximum deviation of approximately 2 %
occurring during the intermediate stages of melting (between 3000 and
5000 s). The close correspondence between the numerical predictions
and experimental data confirms the accuracy of the enthalpy-porosity

approach and the associated numerical procedures implemented in
this study.
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Fig. 7. Validation of the numerical model parameters against experimental
data from (a) from Longeon et al. [48] and (b) Al-Abidi et al. [49].
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Additional validation was conducted using selected data from Al-
Abidi et al. [49] experiments on solidification of RT82 in a triplex tube
heat exchanger with longitudinal fins. Their experimental setup featured
water as the heat transfer fluid flowing at 68 °C through both inner and
outer annular spaces, with RT82 PCM contained in the middle annulus
enhanced by four longitudinal fins on each side. Fig. 7(b) illustrates the
comparison between numerical predictions and experimental tempera-
ture measurements within the PCM domain during the solidification
phase. The maximum deviation was determined as 1.8 %, well within
acceptable limits for PCM thermal modeling applications. This validated
numerical methodology forms a reliable foundation for the subsequent
parametric studies investigating the effects of fin configuration, Rey-
nolds number, and inlet temperature on the thermal performance of the
proposed TTHE system.

5. Results and discussion
5.1. Steady-state simulation of the air passage

This section focuses on steady state analysis of the air flow charac-
teristics within the TTHX configuration. This approach isolates the air-
side heat transfer mechanisms, allowing for systematic evaluation of
critical design parameters including fin number, fin dimensions, and
pipe length without the computational complexity of phase change dy-
namics. This analysis seeks to determine the configuration that achieves
maximum outlet air temperature with acceptable pressure drop pen-
alties, thereby establishing the optimal geometric design that balances
thermal performance with pumping power requirements.

5.1.1. Effect of the number of fins

Fig. 8 presents temperature contour plots for four different fin con-
figurations in the air channel of the triple-tube heat exchanger. Cross-
sectional temperature distributions are shown for cases ranging from
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no fins (Case-SS0) to 32 fins (Case-SS3). The corresponding performance
data for these cases is provided in Table 5. In Case-SSO (no fins), poor
heat distribution is observed with an outlet temperature of only
12.57 °C. When 16 fins are introduced in Case-SS1, outlet temperature
increases sharply to 22.49 °C (78.9 % improvement), though pressure
drop rises by 453 % to 1.96 Pa. Case-SS2 with 24 fins further improves
outlet temperature to 24.19 °C, but pressure drop increases to 3.34 Pa.
Case-SS3 (32 fins) achieves near-perfect heat transfer with 24.97 °C
outlet temperature, but at the highest pressure drop of 4.54 Pa. The data
demonstrates diminishing thermal returns with increasing fin numbers:
the first 16 fins provide a 9.92 °C gain, while the additional 16 fins yield
only 2.49 °C more. Temperature contours show progressively more
uniform distribution with higher fin counts, but pressure drop increases
disproportionately (1182 % increase from SSO to SS3 versus 99.5 %
temperature improvement), highlighting the critical thermal-hydraulic
trade-off in heat exchanger design. This indicates that thermal re-
quirements must be carefully balanced against pumping power con-
straints, especially in applications where energy efficiency is crucial.
The superior performance observed with increasing fin density, from
Case-SSO (0 fin) to Case-SS3 (32 fins), stems from fundamental heat
transfer enhancement mechanisms. Longitudinal fins create conductive
pathways that effectively extend the high-conductivity metal surfaces
deep into the low-conductivity PCM domain (kpcy = 0.2 W/m-K vs ke
= 200 W/m-K). This geometric enhancement overcomes the primary
limitation of organic PCMs by reducing the effective thermal resistance
between the heat source and the bulk PCM. The temperature uniformity
improvement observed in Cases SS1-SS3 results from the fins acting as
thermal equalizers, redistributing thermal energy from high-
temperature regions near the heat transfer surfaces to cooler interior
regions. However, the diminishing returns beyond 24-32 fins occur
because the fin effectiveness decreases as fins become thinner to main-
tain constant fin volume, while simultaneously increasing flow restric-
tion that reduces convective heat transfer at the air-metal interface.
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Fig. 8. Temperature distribution contours for varying fin configurations (Cases SS0-SS3) in the TTHX system.
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Table 5

International Communications in Heat and Mass Transfer 169 (2025) 109764

Effect of fin number on thermal-hydraulic performance parameters of the TTHX system.

Case Fin’s thickness Fin’s length Number of Pipe length Outlet Temperature Mass flow rare Pressure drop Pumping power
(mm) (mm) fins (mm) (| (Kg/s) (Pa) w)
Case- - - 0 300 12.5652 0.00379 0.35426 0.001098
SSO
Case- 1 16 16 300 22.4867 0.003313 1.95917 0.005289
SS1
Case- 0.6666 16 24 300 24.1927 0.003313 3.34034 0.009018
SS2
Case- 0.5 16 32 300 24.9733 0.003313 4.54369 0.012267
SS3

5.1.2. Effect of the fin’s length

The temperature contour plots of Fig. 9 reveal how fin length affects
performance while maintaining 32 fins across three configurations
(Case-SS3, Case-SS4 and Case-SS5). The performance data for these
cases is provided in Table 6. In Case-SS3 (16 mm fins, 0.5 mm thickness),
near-perfect heat transfer is achieved with an outlet temperature of
24.97 °C and pressure drop of 4.54 Pa. When fin length is reduced to 12
mm in Case-SS4 (with increased thickness of 0.6666 mm), outlet tem-
perature decreases to 23.93 °C (4.2 % reduction), while pressure drop
remains unchanged at 4.54 Pa. Further reduction to 8 mm fins in Case-
SS5 (1 mm thickness) results in more significant performance deterio-
ration with outlet temperature falling to 22.67 °C (9.2 % lower than
SS3), though pressure drop decreases substantially to 1.95 Pa (57 %
reduction). Temperature contours show progressively less uniform dis-
tribution with shorter fins, as they penetrate less into the core flow re-
gion. The data demonstrates a clear trade-off: longer, thinner fins
provide superior thermal performance but higher pressure penalties,
while shorter, thicker fins significantly reduce flow resistance but
compromise heat transfer effectiveness.

5.1.3. Effect of pipe length
Fig. 10 compares temperature distributions for three cases with

identical fin arrangements (32 fins with 16 mm length and 0.5 mm
thickness) but varying pipe lengths: 300 mm (Case-SS3), 200 mm (Case-
SS6), and 400 mm (Case-SS7). The corresponding performance data for
these cases is provided in Table 7. Case-SS3 (300 mm pipe) achieved
excellent thermal performance with a 24.97 °C outlet temperature and
uniform temperature distribution, but had a pressure drop of 4.54 Pa
and pumping power of 0.012267 W. Case-SS6 (200 mm pipe) showed a
slight 1.7 % decrease in outlet temperature to 24.55 °C compared to SS3,
but had a 21.4 % lower pressure drop of 3.57 Pa and 21.3 % lower
pumping power of 0.009648 W. Case-SS7 (400 mm pipe) provided only
marginal thermal improvement over SS3, with a 24.89 °C outlet tem-
perature. However, pressure drop increased by 20.0 % to 5.45 Pa, and
pumping power rose by 19.9 % to 0.014723 W. So, the shorter 200 mm
pipe offered higher thermal performance per unit pressure drop, sug-
gesting better efficiency. However, the 300 mm configuration achieved
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temperatures closest to the target 25 °C wall condition, which is desir-
able for energy-efficient building heating. Optimal pipe length selection
depends on the specific application needs - whether slightly reduced
outlet temperatures are acceptable in exchange for lower pumping
power, or maximum thermal recovery is the priority.

5.2. Transient simulation of the entire storage unit

This section presents the results and insights gained from investi-
gating the influence of fin configuration, Reynolds number, and inlet air
temperature on critical performance metrics such as heat recovery rate,
PCM solidification time, and outlet air temperature profile. The tran-
sient simulations focused on the entire triple-tube system, including
both the PCM domains and the airflow channel.

5.2.1. Effect of the number of fins in the inner and outer pipes

Fig. 11 depicts the evolution of temperature contours within the
TTHX system over time for different fin configurations (Cases 0-4). At
1200 s, the temperature distributions show significant differences be-
tween the cases. In Case 0, with no fins, the temperature gradient across
the system is highly non-uniform, indicating poor heat transfer. As the
number of fins is increased from Case 1 to Case 4, the temperature
contours become progressively more uniform, suggesting enhanced heat
transfer between the PCM and the airflow. This trend is particularly
evident in the later stages of solidification (3600 and 7200 s), where the
higher fin density cases exhibit a more homogeneous temperature field.

Fig. 12 depicts the evolution of liquid-fraction contours within the
PCM domain for different fin configurations (Cases 0-4). Fig. 13 pro-
vides a more complementary view, presenting the liquid fraction of the
PCM along the longitudinal axis of the inner and outer pipes at different
time instants. In Case 0, the PCM solidification process is significantly
slower, with the inner and outer pipes exhibiting high liquid fractions
even at 7200 s. In contrast, the fin-enhanced cases (Cases 1-4) demon-
strate a much more rapid solidification, particularly in the inner pipe. By
7200 s, the inner pipe has nearly completed solidification in these cases,
while the outer pipe still retains a higher liquid fraction due to its larger
PCM mass.
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Fig. 9. Temperature distribution contours for varying fin lengths (cases ss3-ss5) with constant number of fins (32) in the TTHX system.
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Table 6

International Communications in Heat and Mass Transfer 169 (2025) 109764

Effect of fin length on thermal-hydraulic performance parameters of the TTHX system with 32 fins.

Case Fin’s thickness Fin’s length Number of Pipe length Outlet Temperature Mass flow rare Pressure drop Pumping power
(mm) (mm) fins (mm) co) (Kg/s) (Pa) W)
Case- 0.5 16 32 300 24.9733 0.003313 4.54369 0.012267
SS3
Case- 0.6666 12 32 300 23.9294 0.003313 4.54369 0.012267
SS4
Case- 1 8 32 300 22.6697 0.003313 1.95226 0.005271
SS5
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Fig. 10. Temperature distribution contours illustrating the impact of pipe length on air flow in the TTHX system.
Table 7

Effect of pipe length on thermal-hydraulic performance of the TTHX system with 32 fins.

Case Fin’s thickness Fin’s length Number of Pipe length Outlet Temperature Mass flow rare Pressure drop Pumping power
(mm) (mm) fins (mm) co) (Kg/s) (Pa) W)
Case- 0.5 16 32 300 24.9733 0.003313 4.54369 0.012267
SS3
Case- 0.5 16 32 200 24.5487 0.003313 3.57359 0.009648
SS6
Case- 0.5 16 32 400 24.8940 0.003313 5.45328 0.014723
SS7

The accelerated solidification observed when fin density increases,
from Case 1 to Case 4, results from the establishment of multiple parallel
heat conduction pathways. During solidification, the growing solid PCM
layer adjacent to heat transfer surfaces typically creates progressively
increasing thermal resistance. The longitudinal fins circumvent this
limitation by maintaining direct thermal connections to liquid PCM re-
gions throughout the solidification process. The asymmetric thermal
response between inner and outer pipes reflects the fundamental rela-
tionship between thermal mass and response time: the inner pipe (0.45
kg PCM) exhibits rapid thermal response due to its smaller thermal
capacitance, while the outer pipe (0.87 kg PCM) provides sustained
energy release but with slower response characteristics. This thermal
decoupling enables the system to provide both rapid initial heating
response and prolonged energy delivery, characteristics that are
particularly valuable for building heating applications.

Fig. 14 illustrates the solidification time for the PCM in the inner and
outer pipes across the various cases. It is observed that the solidification
time decreases significantly as the number of fins is increased from Case
0 to Case 4. For the inner pipe, the solidification time is reduced from
11,046 s in Case 0 to 4947 s in Case 4, a 55.3 % improvement. Similarly,
the solidification time for the outer pipe decreases from 8858 s in Case
0 to 6823 s in Case 4, a 23.0 % reduction. This trend demonstrates the
effectiveness of the increased fin density in enhancing the heat transfer
rate from PCM to the airflow, thereby accelerating the solidification
process. The data in Fig. 15 further corroborates this finding, showing a
corresponding increase in the heat recovery rate as the fin configuration
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is improved. For the inner pipe, the heat recovery rate increases from
10.05 watts in Case 0 to 21.83 watts in Case 4, a 117.3 % improvement.
Likewise, the heat recovery rate for the outer pipe rises from 23.68 watts
in Case 0 to 30.66 watts in Case 4, a 29.5 % increase. This significant
enhancement in heat recovery rate is directly attributed to the improved
heat transfer facilitated by the increased fin surface area and conductive
pathways. This indicates that the higher fin density configurations,
particularly Case 4, are more effective in extracting thermal energy from
the PCM and transferring it to the airflow.

Fig. 16 depicts the evolution of the air outlet temperature over time
for various cases. It is observed that the air outlet temperature increases
significantly as the number of fins is augmented from Case O to Case 4. In
Case 0, with no fins, the outlet temperature remains relatively low,
reaching a maximum of only around 20 °C towards the end of the 7200-s
simulation period. In contrast, Case 4, with the highest fin density, ex-
hibits a much more substantial increase in outlet temperature, reaching
nearly 28 °C by the end of the simulation. This trend clearly demon-
strates the effectiveness of the enhanced fin configurations in facilitating
improved heat transfer from the PCM to the airflow, resulting in a
higher-temperature air stream at the outlet. This improved thermal
performance is crucial for building heating applications, where the
system needs to respond quickly to dynamic heating demands and effi-
ciently utilize the stored thermal energy.

Fig. 17 illustrates the variation of Energy Efficiency Ratio (EER)
across different fin configurations (Cases 0-4). Case 0 (non-finned
baseline) exhibits the lowest EER of ~2750, highlighting the poor
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Fig. 11. Temperature contours of PCM along the radial axis of the TTHX system under various fin configurations.

balance between thermal performance and pumping requirements in the
absence of extended surfaces. The introduction of fins (Case 1) produces
a substantial increase in EER to ~3840, representing a 40 % improve-
ment in system efficiency. Further increases in fin density (Cases 2-4)
yield diminishing but still positive gains, with Case 4 achieving the
highest EER value of ~4280. The progressive enhancement demon-
strates that additional fins continue to improve heat recovery rates at a
faster pace than they increase pumping power, up to the optimized
threshold investigated in this study.

Fig. 18 provides insights into the solidification behavior of the PCM
within the inner and outer pipes. The liquid fraction curves show that
the PCM in the inner pipe solidifies at a significantly faster rate
compared to the outer pipe, regardless of the fin configuration. This can
be attributed to the smaller PCM mass in the inner pipe, which requires
less thermal energy to be extracted for complete solidification. However,
the fin-enhanced cases, particularly Case 4, exhibit a much more rapid
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reduction in liquid fraction compared to the non-finned Case 0, high-
lighting the critical role of the fins in accelerating the solidification
process.

Finally, Fig. 19 provides further insights into the temporal evolution
of the mean temperatures within the inner pipe, outer pipe, and the air
stream. In the fin-enhanced cases, the mean temperature of the PCM in
both the inner and outer pipes rises more steeply, indicating a faster heat
transfer rate from the PCM to the airflow. Consequently, the air mean
temperature also increases more rapidly in these cases, reaching higher
values by the end of the simulation period.

5.2.2. Effect of the number of fins on the outer pipe

After identifying Case 4 (10 fins on inner pipe, 20 fins on outer pipe)
as the best-performing configuration among Cases 0-4, further investi-
gation was conducted to determine whether additional enhancement
could be achieved by increasing the fin density in the outer pipe. Cases 5
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Fig. 12. Evolution of PCM liquid fraction along the radial axis of the TTHX system under various fin configurations.

and 6 were therefore developed, maintaining the inner pipe configura-
tion while incrementally increasing the number of fins on outer pipe to
24 and 28 fins, respectively. Figs. 20 and 21 depict temperature and
liquid fraction contours for Cases 5 and 6. Liquid fraction contours in
Fig. 20 reveal comparable solidification progression between cases. At
600 s, solid PCM forms near heat transfer surfaces in both configura-
tions. By 7200 s, the inner pipe achieves almost complete solidification
in both cases, while the outer pipe retains 20-30 % liquid fraction, with
Case 6 showing only marginally better performance despite its addi-
tional fins. Temperature distributions in Fig. 21 show nearly identical
patterns between the two cases across all time periods. They both exhibit
similar temperature gradients from center to periphery, progressing
from initial distinct gradients at 600 s to more homogeneous distribu-
tions by 7200 s. The minimal differences observed between Cases 5 and
6 indicate that increasing outer pipe fin density from 24 to 28 fins yields
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diminishing returns in thermal performance. This result suggests an
optimization threshold has been reached at 24 fins, beyond which
additional fins provide insufficient benefit to justify their inclusion.
Fig. 22 lists solidification times for both inner and outer pipes across
the three configurations (Cases 4, 5, and 6). The PCM solidification time
remains nearly constant around 5000 s across all three cases in the inner
pipe, as expected given the unchanged fin arrangement. For the outer
pipe, only modest improvements are observed despite significant fin
number increases. Solidification time decreases from 6823 s in Case 4 to
6705 s in Case 5 (a reduction of 1.73 %), and further to 6615 s in Case 6
(representing only a 3.05 % improvement from Case 4). Heat recovery
rate data presented in Fig. 23 further substantiates this finding. The
inner pipe heat recovery rate remains essentially unchanged around
21.5 watts across all three cases. For the outer pipe, heat recovery in-
creases negligibly from 30.66 watts in Case 4 to 31.20 watts in Case 5 (a
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Fig. 13. Liquid fraction of PCM along the longitudinal axis of the inner and outer pipes over time for different fin cases.
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Fig. 14. Comparison of PCM solidification time in the inner and outer pipes
across various fin configurations.

1.7 % improvement), and to 31.63 watts in Case 6 (only a 3.1 % increase
compared to Case 4). These marginal enhancements fail to justify the
additional material and manufacturing complexity introduced by the
extra fins.

The temporal evolution of air outlet temperature shown in Fig. 24
confirms the limited practical impact of additional fins. The three curves
tracking outlet air temperature over the 7200-s simulation period are
virtually indistinguishable, with all cases achieving peak temperatures
of approximately 28 °C. The magnified inset between 3600 and 5400 s
shows temperature differences of less than 0.1 °C between cases. This
finding suggests that resources would be better allocated to alternative
enhancement approaches rather than increasing fin density beyond the
established threshold. The temporal evolution of air outlet temperature
shown in Fig. 24 confirms the limited practical impact of additional fins.
The three curves tracking outlet air temperature over the 7200-s simu-
lation period are virtually indistinguishable, with all cases achieving
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Fig. 15. Comparison of heat recovery rate in the inner and outer pipes across
various fin configurations.

peak temperatures of approximately 28 °C. The magnified inset between
3600 and 5400 s shows temperature differences of less than 0.1 °C be-
tween cases. This finding suggests that resources would be better allo-
cated to alternative enhancement approaches rather than increasing fin
density beyond the established threshold. From a purely thermal per-
formance perspective, Case 6 (28 fins) achieves the highest performance
within the parameter space investigated. However, the marginal 3 %
improvement over Case 5 (24 fins) might not justify the additional
manufacturing complexity and cost. Therefore, further analysis (beyond
the scope of this study) considering factors such as manufacturing costs
and assembly complexity alongside thermal performance metrics is
required to establish the optimal configuration.

Fig. 25 compares EER of the optimized fin configurations (Cases
4-6). A clear upward trend is observed with increasing fin density in the
outer pipe. Case 4 records the lowest EER of ~4280, while Case 5
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Fig. 16. Evolution of air outlet temperature during PCM solidification under
various fin configurations.
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Fig. 18. Temporal evolution of PCM liquid fraction during solidification in the
inner and outer pipes under various fin configurations.

achieves a moderate increase to 4302, and Case 6 reaches the maximum
value of around 4320. Although the absolute improvements between
successive cases are relatively small (less than 1 % increase from Case 4
to Case 6), they confirm that additional fins in the outer pipe continue to
enhance overall energy efficiency by improving heat recovery at a faster
rate than the associated pumping power penalty. Importantly, the
marginal gain from Case 5 to Case 6 suggests that the system is
approaching a practical optimization threshold, beyond which further
increases in fin number may not justify the added manufacturing
complexity and cost. This observation aligns with the earlier thermal
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Fig. 19. Temporal evolution of mean temperatures in the inner pipe, outer
pipe, and air stream during PCM solidification under various fin configurations.

analysis, reinforcing that Case 6 represents the most efficient design
within the investigated parameter space.

5.2.3. Effect of Reynolds number

In this section, the effect of Reynolds number variation on the ther-
mal performance of the TTHX system is investigated using Case 6
configuration, which was previously identified as the optimal fin
arrangement. Reynolds number directly affects the convective heat
transfer at the air-PCM interface, thereby influencing solidification
rates, heat recovery efficiency, and outlet air temperature profiles.
Fig. 26 provides visual comparison through liquid-fraction contours
across different Reynolds numbers (Re = 500 and Re = 1000). At Re =
500, the PCM solidification process progresses slowly, with substantial
liquid fractions remaining at 3600 s, especially in the outer pipe region.
By 7200 s, significant portions of PCM remain in liquid state, particu-
larly in the outer annular space. The Re = 1000 case exhibits markedly
accelerated solidification patterns. At 1200s, solid layers around heat
transfer surfaces are noticeably thicker compared to Re = 500. By 3600
s, approximately half of the PCM has solidified in both annular spaces,
and at 7200 s, solidification is substantially more advanced throughout
the system, with only small pockets of liquid PCM remaining in the outer
annular space.

Fig. 27 reveal significant variations in the temperature distribution
contours. At Re = 500, the temperature gradients appear more pro-
nounced and less uniform throughout the system. The core regions
maintain higher temperatures for longer periods, particularly at 3600 s,
indicating slower heat transfer from PCM to the airflow. In contrast, at
Re = 1000, more uniform temperature distributions are observed with
accelerated cooling patterns. By 3600 s, the Re = 1000 case shows
notably lower temperatures across the entire cross-section compared to
Re = 500, suggesting enhanced heat extraction. At 7200 s, this differ-
ence becomes more pronounced, with Re = 1000 demonstrating
significantly more advanced cooling throughout the system. This
improved performance at higher Reynolds numbers suggests that the
system’s thermal response can be significantly enhanced by increasing
the airflow rate, though this would need to be balanced against the
higher pumping power requirements that naturally accompany
increased flow rates.

In Fig. 28, the temporal evolution of PCM liquid fraction is distinctly
influenced by Reynolds numbers in both the inner and outer pipes. In the
inner pipe (Fig. 28a), complete solidification (liquid fraction <0.05) is
achieved in about 6000 s at Re = 2000, and 10,500 s at Re = 1000. This
represents a 42.9 % reduction in solidification time when Reynolds
number is doubled from 1000 to 2000. Similar trends are observed in the
outer pipe (Fig. 28b), where the solidification time is reduced from
approximately 13,000 s at Re = 1000, and 7000 s at Re = 2000 (46.2 %
additional reduction). The progressively diminishing percentage



M.A. Said et al.

International Communications in Heat and Mass Transfer 169 (2025) 109764

O DAL AN A0 AV AN VN DD D (P A*AD ;D P
PR A A AR A S U R A L S iR

600s 1200s 3600s 7200s

Case 5

Case 6

Fig. 20. Evolution of PCM liquid fraction contours along the radial axis over different operation times for fin configurations Case 5 (24 fins) and Case 6 (28 fins).
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Fig. 21. Temperature distribution contours along the radial axis over different operation times for fin configurations Case 5 (24 fins) and Case 6 (28 fins).

8000
7000
6000
5000
4000
3000
2000
1000

Soldifying time (s)

m Case 4 mCase 5 = Case 6 m Case 4 mCase 5 " Case 6

Heat recovery rate (W)

il

Inner pipe Outer pipe Inner pipe Outer pipe

Fig. 22. Comparison of PCM solidification time in the inner pipe (10 fins) and Fig. 23. Comparison of PCM heat recovery rate in the inner pipe (10 fins) and
outer pipe for Cases 4 (20 fins), 5 (24 fins), and 6 (28 fins). outer pipe for Cases 4 (20 fins), 5 (24 fins), and 6 (28 fins).

16



M.A. Said et al.

----- Case 4 Case 5 Case 6

30
5
e
g
225
<
2,
g
3 N
g2
= )
° RN
-] AN
< \.‘

15

0 1800 3600 5400 7200
Time (s)

Fig. 24. Temporal evolution of air outlet temperature over 7200 s of PCM
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Fig. 25. Evolution of EER for Cases 4, 5 and 6.

improvement suggests that performance enhancement begins to plateau
at higher Reynolds numbers, particularly in the outer pipe.

The heat recovery rate data presented in Fig. 29 demonstrates a
strong positive correlation with Reynolds number in both PCM

QTR RIS
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compartments. In the inner pipe, heat recovery rates of approximately
6.1 W, 12.2 W, and 21.3 W are observed at Re = 500, 1000, and 2000
respectively, showing a 45.5 % increase when Reynolds number is
doubled from 500 to 1000, and a further 37.5 % increase when doubled
from 1000 to 2000. For the outer pipe, heat recovery rates increase from
approximately 8.2 W at Re = 500 to 16.4 W at Re = 1000 (53.3 % in-
crease), and to 31.6 W at Re = 2000 (39.1 % increase). The total system
heat recovery is enhanced by 113 % when Reynolds number is increased
from 500 to 2000, highlighting the substantial impact of airflow rate on
thermal performance.

Fig. 30 illustrates how Reynolds number affects the temporal evo-
lution of air outlet temperature during the PCM discharge process. At Re
= 500, the outlet temperature reaches a peak of approximately 28 °C
and maintains relatively high temperatures (above 25 °C) for nearly
10,000 s before gradually declining. As Reynolds’ number increases to
1000 and 2000, maximum outlet temperatures decrease to approxi-
mately 26 °C and 24 °C, respectively. However, the curves for higher
Reynolds numbers exhibit steeper initial rises and earlier peaks,
demonstrating faster thermal response.

In conclusion, higher Reynolds numbers significantly enhance heat
transfer rates and reduce solidification times, allowing more rapid sys-
tem responsiveness to dynamic heating demands. However, this comes
at the cost of reduced outlet air temperatures, which may impact ther-
mal comfort in building heating applications. The 113 % improvement
in overall heat recovery rate when increasing Reynolds number from
500 to 2000 must be balanced against the approximately 14.3 %
reduction in peak outlet temperature (from 28 °C to 24 °C). These
findings suggest that optimal Reynolds number selection depends on
specific application requirements. For applications requiring rapid
thermal response and high total energy transfer, higher Reynolds
numbers would be preferred. For applications where maintaining
elevated outlet temperatures is prioritized over quick response times,
lower Reynolds numbers may be more appropriate.

Fig. 31 illustrates the variation of EER with Reynolds number for the
optimized finned configuration. At Re = 500, the EER is ~1168, indi-
cating limited heat recovery relative to pumping power. As the Reynolds
number increases to 1000, the EER more than doubles to around 2334,
reflecting the enhanced convective heat transfer that significantly ac-
celerates PCM solidification and boosts overall heat recovery. At Re =
2000, the EER reaches its maximum value of about 4320, representing
nearly a fourfold improvement over Re = 500. These results demon-
strate that increasing airflow enhances thermal performance at a faster
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Fig. 26. Liquid-fraction contours at different solidification periods comparing Reynolds numbers of 500 and 1000 in the Case 6 configuration.
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Fig. 28. Temporal evolution of PCM liquid fraction during solidification: (a) inner pipe and (b) outer pipe under Reynolds numbers of 500, 1000, and 2000.
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rate than the corresponding rise in pumping power, thereby improving

system-level efficiency. However, it should be noted that higher Rey-
nolds numbers also reduce peak outlet temperature due to faster heat
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extraction, as discussed earlier. Therefore, the optimal Reynolds number
must be chosen based on the trade-off between maximizing energy ef-
ficiency and maintaining adequate outlet air temperature for thermal
comfort in building applications.

5.2.4. Effect of air inlet temperature

This section explores how variations in air inlet temperature affect
the solidification behavior and overall thermal performance of the
optimized Case 6 configuration. Three different inlet air temperatures
(0 °C, 5 °C, and 10 °C) were examined to understand the system’s
responsiveness under varying operational requirements. The liquid
fraction contours in Fig. 32 show significant differences in thermal
behavior of the PCM domain. At 1200s, the PCM solidification with 0 °C
inlet air shows markedly thicker solid layers developing around the heat
transfer surfaces compared to the 10 °C case. By 3600 s, approximately
60-70 % of the PCM has solidified with 0 °C inlet air, whereas the 10 °C
case exhibits only about 40-50 % solidification. At the final time point
(7200 s), the 0 °C inlet air case displays near-complete solidification
across both PCM compartments with only small liquid pockets remain-
ing in the outer annular space, while the 10 °C case still retains signif-
icant liquid PCM, particularly in the outer tube.

Fig. 33 further substantiates these observations through temperature
distribution contours. At 1200s, the system with 0 °C inlet air demon-
strates considerably steeper temperature gradients compared to the

International Communications in Heat and Mass Transfer 169 (2025) 109764

10 °C case. These more pronounced gradients persist throughout the
simulation duration, indicating enhanced thermal driving force with the
lower inlet temperature. By 7200 s, the overall system temperature with
0 °C inlet air falls substantially below that of the 10 °C case, with
noticeably cooler regions extending throughout both PCM domains in
the inner and outer pipe. This analysis confirms that lower inlet air
temperature provides a greater temperature differential between the
PCM and airflow, accelerating the heat transfer rate and consequently
the solidification process. This parameter fundamentally determines the
system’s thermal behavior and operational response time.

Fig. 34 illustrates the temporal evolution of PCM liquid fraction in
both the inner pipe (29a) and outer pipe (29b) at three different inlet air
temperatures (0 °C, 5 °C, and 10 °C). In the inner pipe, complete so-
lidification (liquid fraction <0.05) is achieved in 4400 s, 6000 s, and
7500 s for inlet temperatures of 0 °C, 5 °C, and 10 °C, respectively. This
represents a 26.7 % reduction in solidification time when the inlet
temperature is decreased from 5 °C to 0 °C, and a 25.0 % increase when
raised from 5 °C to 10 °C. Similar trends are observed in the outer pipe,
where solidification times are extended to approximately 5800 s, 7100 s,
and 9300 s for the respective inlet temperatures. This corresponds to an
18.3 % reduction when inlet temperature decreases from 5 °C to 0 °C
and a 31.0 % increase when raised from 5 °C to 10 °C.

Fig. 35 quantifies the heat recovery rates for both PCM compart-
ments across the three inlet temperature conditions. For the inner pipe,
heat recovery rates of approximately 26.7, 21.3, and 15.7 W are recor-
ded at inlet temperatures of 0, 5, and 10 °C, respectively. This represents
a 25.4 % increase in heat recovery when inlet temperature is reduced
from 5 °Cto 0 °C, and a 26.3 % decrease when raised from 5 °C to 10 °C.
The outer pipe exhibits a similar pattern with heat recovery rates of 39.3
W, 31.6 W, and 23.7 W for the respective inlet temperatures. This rep-
resents a 24.4 % increase when inlet temperature decreases from 5 °C to
0 °C and a 25.0 % decrease when raised from 5 °C to 10 °C. The entire
system heat recovery is enhanced by 24.7 % when inlet temperature is
decreased from 5 °C to 0 °C, and reduced by 25.5 % when increased from
5°Cto 10 °C.

Fig. 36 depicts the temporal evolution of air outlet temperature
during the PCM discharge mode. With 0 °C inlet air, the outlet tem-
perature reaches a peak around 19 °C before gradually declining. At5 °C
inlet temperature, the maximum outlet temperature increases to
approximately 24 °C, while the 10 °C case achieves nearly 28 °C. The
temperature rise (difference between inlet and outlet temperatures) is
calculated to be approximately 19 °C, 19 °C, and 18 °C for the 0 °C, 5 °C,
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Fig. 32. PCM liquid fraction contours at different solidification intervals comparing inlet air temperatures of 0 °C and 10 °C in the Case 6 configuration.
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and 10 °C cases respectively, indicating that the heat transfer effec-
tiveness remains relatively consistent across different inlet conditions.

From these results, a fundamental trade-off is identified between
thermal responsiveness and outlet temperature suitability. Lower inlet
air temperatures significantly enhance heat transfer rates and reduce
solidification times, allowing more rapid response to dynamic heating
demands. However, this comes at the cost of reduced outlet air tem-
peratures, which may fail to meet thermal comfort requirements in
certain building heating applications. The optimal inlet temperature
selection therefore depends on specific application requirements,
balancing the need for rapid thermal response with appropriate supply
air temperatures for occupant comfort.

Fig. 37 presents EER for three inlet air temperatures (0 °C, 5 °C, and
10 °C). A clear decreasing trend is observed as the inlet air temperature
increases. At Tin = 0 °C, the system achieves the highest EER, reflecting
the strong thermal driving force between the cold air stream and the
PCM, which accelerates solidification and increases heat recovery rela-
tive to the required pumping power. When the inlet temperature rises to
5 °C, the EER decreases, representing a 20 % reduction in efficiency. A
further increase to Tin = 10 °C reduces the EER, showing that the system
becomes progressively less efficient as the thermal gradient weakens.
These results demonstrate that lower inlet temperatures substantially
enhance energy efficiency by maximizing heat extraction for a given
pumping power. However, higher inlet temperatures, while less efficient
in terms of EER, deliver warmer outlet air streams, which may be
preferable in certain building heating applications where occupant
comfort requires higher supply temperatures. Thus, selecting the
appropriate inlet temperature involves balancing efficiency gains with
the thermal comfort requirements of the application.

6. Conclusion

This study has numerically investigated the design optimization and
performance enhancement of a novel triplex-tube PCM-to-air heat
exchanger with longitudinal fins for building heating applications. The
following key findings have been established:

(1) From a practical implementation perspective, the steady-state
analysis identified that 32 fins with 16 mm length represents an
optimal configuration balancing thermal performance with
acceptable pressure drop.

The optimal fin configuration (10 on the inner pipe, 28 on the
outer) reduced the solidification time by 55.3 % for the inner pipe
and 23.0 % for the outer pipe compared to the non-finned design.
Increasing the Reynolds number from 500 to 2000 boosts the heat
recovery rate by 113 %. However, this comes at the cost of a
trade-off: the peak outlet air temperature drops from 28 °C to
24 °C, which may affect occupant comfort.

Decreasing inlet temperature from 5 °C to 0 °C enhanced total
heat recovery by 24.7 % and reduced solidification time by
approximately 25 %, while increasing inlet temperature to 10 °C
decreased heat recovery by 25.5 % and extended solidification
time by about 28 %.

Optimized fin configurations, higher Reynolds numbers, and
lower inlet temperatures consistently improved the Energy Effi-
ciency Ratio (EER). With a maximum EER of over 5000, the
triplex-tube PCM-to-air heat exchanger demonstrates superior
thermal-hydraulic efficiency.

(2)

3

—

(4

—

5

—

These numerical findings effectively address the challenges of energy
efficiency for PCM-based heating systems in buildings. Future work
should focus on experimental validation of these numerical findings,
long-term cycling performance assessment, and techno-economic anal-
ysis to further support the commercial viability of this promising tech-
nology for sustainable building applications.
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