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Low thermal response of phase change materials (PCMs) severely restricts the viability of latent thermal energy
storage (LHTES) systems. Unlike conventional fin-based enhancement methods that add external structures and
reduce PCM volume, this study explores geometric modification of the heat transfer tube cross-section itself to
maintain full storage capacity while optimizing thermal interaction through tube shape alone. Nine configura-
tions were numerically analyzed using validated numerical modeling: single-tube multi-lobed designs (4-lobe, 6-
lobe, 8-lobe), extended lobe configurations (10-15 mm extensions), and novel dual-tube connected systems with
intermediate thermal zones. Both charging and discharging modes were evaluated under medium-temperature
conditions. The optimal single-tube configuration (8-lobe, 15 mm extensions) achieved heat storage and
release rates of 194.70 W and 189.16 W, representing 87% and 175% improvements over baseline circular
design. Most significantly, the dual-tube connected configuration (60 mm secondary diameter) achieved
exceptional performance: 303.73 W storage and 401.54 W release rates producing 192% and 484% enhance-
ments over baseline. Complete melting and solidification times were reduced by 35% and 54% respectively
versus optimal single-tube design. Results establish clear guidelines: optimal lobe densities of 6-8 and secondary
tube diameters of 60-70 mm provide maximum enhancement for practical implementation.

PCMs (0.2-0.8 W/m K) [5]. These limitations directly impact the eco-
nomic viability and operational effectiveness of PCM-based TES systems,

1. Introduction

The global transition toward renewable energy sources has created
an urgent need for efficient thermal energy storage (TES) systems that
can bridge the temporal gap between energy supply and demand [1,2].
Phase change materials (PCMs) have emerged as particularly promising
candidates for this application due to their ability to store and release
substantial amounts of thermal energy during their isothermal phase
transitions [3]. However, the widespread adoption of PCM-based latent
TES (LHTES) faces a fundamental limitation: the inherently low thermal
conductivity of most PCMs significantly restricts heat transfer rates and
prolongs charging and discharging cycles [4]. Typically, organic PCMs
have the thermal conductivity (up to 0.2 W/m K), followed by inorganic
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as they reduce power density and require larger system volumes to
achieve desired performance levels [6].

The recognition of low thermal conductivity as the primary barrier to
PCM technology adoption has motivated extensive research into heat
transfer enhancement methods [7]. Enhancement methods can be
categorized into three fundamentally different approaches: (1) material
modification through additives [8-10], (2) external augmentation via
fins or foams [11,12], and (3) geometric optimization of the HTF
containment structure itself [13,14]. The material modification through
additives frequently alters the fundamental thermophysical properties
of the PCM, potentially affecting its phase change temperature, latent
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heat capacity, and long-term stability. External augmentation methods,
while preserving PCM properties, typically require additional materials
and manufacturing steps that increase system costs and complexity [15].
Recent studies suggest optimizing fin spacing and inclination angles
[16] to enhance PCM system efficiency without substantially compro-
mising storage volume [17-19]. Meanwhile, geometric modification of
the HTF tube cross-section, the focus of this study, can enhance thermal
performance without adding materials or reducing PCM volume. By
reshaping the tube itself from circular to multi-lobed configurations,
heat transfer surface area increases while maintaining 100% PCM stor-
age capacity. This approach represents a new different enhancement
philosophy: optimizing the thermal interaction geometry rather than
adding heat transfer augmentation structures.

Structural modifications typically represent a crucial approach for
enhancing heat transfer phenomena in LHTES applications [20,21]. The
configuration of PCM containment vessels directly influences convective
flow patterns within the phase change medium, thereby affecting overall
heat transfer performance [22]. Research by Khedher et al. [23]
examined various geometric parameters of PCM containers in vertical
latent heat double-pipe heat exchangers and their impact on thermal
charging behaviour. Their investigation revealed that implementing a
smooth framed configuration could decrease melting duration by 55%
while boosting thermal energy storage rates by 115% relative to un-
framed designs. Similarly, Pahamli et al. [24] demonstrated that repo-
sitioning the inner tube within double-pipe heat exchangers promotes
natural convection enhancement. Their work showed that displacing the
inner tube containing RT-50 phase change material expanded the heat
transfer surface area, resulting in a 64% reduction in melting duration.
Seddegh et al. [25] analyzed four distinct radius ratios in shell-and-tube
heat exchanger configurations, observing that increasing the shell-to-
tube radius ratio corresponded with decreased PCM melting times. Ye
et al. [26] investigated how different geometric parameters of PCM
containers including elbow radius, radial eccentricity, and inclination
angle can influence melting behaviour in L-shaped shell-and-tube
LHTES configurations. Their results demonstrated that enhanced
radial eccentricity substantially improved heat transfer by increasing
PCM exposure to natural convection effects, whereas elbow radius
variations showed minimal impact. Wloszyn et al. [27] examined shell
shape influences on LHTES system charging and discharging rates,
finding that a downward-positioned semi-circular shell configuration
achieved the briefest melting time, 44% faster than the reference cir-
cular design, while an upward-oriented isosceles trapezium demon-
strated the shortest solidification period.

Beyond conventional configurations, researchers investigated com-
plex non-circular pipe geometries as a promising direction in geometric
optimization research. NematpourKeshteli et al. [28] examined lobed
double-pipe configurations, demonstrating 18.32% and 11.40% re-
ductions in charging and discharging times with six-lobed surfaces.
Extending these concepts, Najafabadi et al. [29] examined twisted
double-pipe heat exchangers featuring lobed cross-sections. Their
research revealed that a 3-lobed cross-section improved PCM melting by
6% over circular cross-sections, confirming the effectiveness of multi-
lobed geometric modifications. Najababadi et al. [30] studied double-
pipe helical coil LHTES systems incorporating Koch snowflake cross-
sections for melting enhancement. Their analysis revealed that
increased helical pitch improved melting rates by 3.2%, while larger coil
diameters had adverse effects on melting performance. However, all of
these prior studies employ geometrically modified tubes as single, self-
contained HTF conduits without extending HTF pathways into the
PCM domain through physically connected network. Table 1 summa-
rizes how the present dual-tube connected configuration differs from
three established multi-tube LHTES designs, demonstrating that the
present design is distinguished by a fundamentally different heat
transfer topology: a single interconnected HTF network delivering
multi-directional thermal penetration through physically connected
fluid bridges, an architectural feature absent in all three reference
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Table 1
Comparative classification of multi-tube PCM thermal storage configurations.

Feature Triplex- Multi-pipe Cascaded Present dual-tube
tube (e.g., / shell- dual-PCM connected
Al-Abidi and- systems configuration
etal.) multitube
Number of 2 (inner + Multiple 2 (separate 1 (single
independent outer parallel PCM interconnected
HTF streams annulus) pipes stages) network)
parallel ) Series geometric
Series (two cascade through
Heat transfer (PCM . .
PCM single PCM via
pathway between Parallel . . . .
materials, intermediate fluid-
topology two HTF .
staged) carrying lobed
streams) .
bridges
Typically
Single or . two )
PCM dual Single different Single PCM
PCMs
Geometric
Surface Thermal partmomng of
area Surface . . PCM domain into
Enhancement . staging via
R extension +  area thermally
mechanism . . PCM .
dual-side extension roperties cascaded zones via
heating prop connected HTF
network
Phcyilcnaelction I(\i:n:rate Fluid thermal
P None None bridges (lobed
between flow .
. connections)
tubes circuits)
classes.

The present study systematically evaluates single-tube and dual-tube
configurations featuring various multi-lobed cross-sections in shell-and-
tube PCM storage systems, covering both melting and solidification
processes under convective boundary conditions representative of
medium-temperature thermal storage applications (60 °C/30 °C for
melting, 40 °C/10 °C for solidification). The introduction of connected
dual-tube configurations with intermediate thermal zones represents a
novel approach to PCM thermal storage design that has not been pre-
viously investigated in the literature. The findings provide fundamental
insights into heat transfer enhancement mechanisms in PCM systems.
The comprehensive comparison framework establishes performance
benchmarks and design guidelines that can inform future research and
development efforts.

2. Problem statement and system description

A horizontal LHTES system consists of a cylindrical shell-and-tube
arrangement is investigated in this study. The system maintains a con-
stant PCM volume across all geometric configurations to ensure useful
performance comparisons. The outer cylindrical shell features adiabatic
boundary conditions. The inner tube serves as the primary heat transfer
interface, with the HTF (water) flowing through the modified cross-
sectional geometries at controlled inlet temperatures and flow rates.
As shown in Fig. 1 and Table 2, the baseline configuration (Case 1)
features a standard circular tube with an internal diameter of 40 mm,
establishing the reference case for all performance evaluations. The tube
wall thickness is maintained at 2 mm across all configurations to ensure
structural integrity while minimizing thermal resistance through the
tube material.

The single-tube modifications progress from 4-lobe to 8-lobe con-
figurations, with each design optimized to maximize heat transfer sur-
face area. The 4-lobe design (Case 2) features four symmetrical radial
lobes positioned at 90° intervals, with each lobe extending 10 mm into
the PCM domain. The lobe width tapers from 27.25 mm at the base to
maintain structural continuity with the central tube. The 6-lobe design
(Case 3) incorporates six symmetrical lobes at 60° intervals, creating a
star-like pattern that provides more uniform thermal field distribution.
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Case 1

Case 2 Case 3

Case 4 Case 5

b)

Fig. 1. a) Cross-sectional geometries of single-tube configurations (Cases 1-6) and dual-tube configurations (Cases 7-9) and b) 3D view of case 8.

The reduced angular spacing allows for lobe widths of 19.6 mm while
maintaining the same 10 mm extension length. The 8-lobe design (Case
4) represents the maximum number of lobes achievable while main-
taining adequate structural support between adjacent extensions. The
eight lobes, positioned at 45° intervals with 15.18 mm base width.
Extended configurations (Cases 5-6) explore the effects of increased
radial penetration into the PCM domain. The Extended 8-lobe design
(Case 5) features 12.5 mm lobe extensions with reduced base widths of
12.41 mm, while the Deep-extension design (Case 6) maximizes PCM
engagement with 15 mm extensions and 10.45 mm base widths.

The dual-tube systems represent a paradigm shift in PCM thermal
storage design, introducing intermediate thermal zones that create
cascaded heat transfer pathways. These configurations combine the
surface area benefits of multi-lobed geometries with the enhanced
thermal distribution capabilities of nested tube arrangements. The dual-

tube connected-lobe design (Case 7) features a primary 8-lobe inner tube
connected to a secondary circular tube with a 70 mm internal diameter.
The connection geometry creates a thermal bridge that allows heat to
flow from the primary HTF stream through the lobed interface, into the
intermediate PCM zone, and then through the secondary tube boundary.
Optimized dual-tube systems (Cases 8-9) refine the dual-tube concept
through systematic optimization of the secondary tube diameter and
connection geometry. Case 8 features a 60 mm secondary tube diameter
with shortened connection lengths to minimize thermal resistance,
while Case 9 further reduces the secondary tube to 55 mm diameter with
deep, compact connections that maximize thermal interaction density.
Note that the 3D view of case 8 is also illustrated in Fig. 1b.

The investigation encompasses both charging (melting) and dis-
charging (solidification) operations under conditions representative of
medium-temperature thermal storage applications. The selected PCM is



M. Benaissa et al.

Table 2
Specifications summary for the PCM thermal storage cases.
Case  Name Key parameters  Secondary Connection Shell
of the inner tube ID length (mm) D
tubes (mm) (mm)
Core ID: 40
1 Baseline mm, no - - 150
modifications
Lobe width:
2 4-lobe design 27.25 mm, - - 150
length: 10 mm
Lobe width:
3 6-lobe design 19.6 mm, - - 150
length: 10 mm
Lobe width:
4 8-lobe design 15.18 mm, - - 150
length: 10 mm
Lobe width:
5 Extendet':l 8- 12.41 mm, B B 150
lobe design length: 12.5
mm
Deep- Lobe width:
6 extension 8- 10.45 mm, - - 150
lobe design length: 15 mm
Primary: 8
7 Dual-tubg & lobes, gore ID: 70 15 150
lobe design
40 mm
Dual-tube 8-
lobe design Primary: 8
8 with shorter mini-lobes, 60 10 150
. core ID: 40 mm
connection
Dual-tube 8-
lobe design Primary: 8
9 with deep compact-lobes, 55 8 150
shorter core ID: 40 mm
connection

RT35 (Table 3). The charging process employs an HTF inlet temperature
of 60 °C with initial PCM temperature of 30 °C, representing a 30 °C
temperature differential that is characteristic of many practical thermal
storage applications. The charging process continues until complete
melting is achieved throughout the PCM domain. The discharging pro-
cess utilizes an HTF inlet temperature of 10 °C with initial PCM tem-
perature of 40 °C, creating a 30 °C temperature differential for
solidification. The discharging process continues until complete solidi-
fication occurs, with particular attention to the effects of natural con-
vection on the solidification pattern.

3. Mathematical modeling
3.1. Governing equations

The mathematical model incorporates several fundamental as-
sumptions that reflect the physical nature of the system under investi-
gation. The PCM density variation during phase change is explicitly
accounted for through appropriate thermophysical properties, while
natural convection effects are captured using the Boussinesq approxi-
mation. The heat transfer fluid flow is characterized as laminar,
incompressible, and Newtonian, with temporal periodicity assumed for
steady-state convergence. The system boundaries are considered adia-

Table 3

The nominal thermal properties of RT-35 [31].
P s k CGU/ v BEH LUK T T,
kg/ g/ W/ kgK)  (m%/ QO 0
m®) m) mK s)
770 880 0.2 2000 10X,6 0.00091 160,000 32 38
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batic to isolate the performance enhancement effects of the geometric
modifications, while viscous dissipation effects are neglected due to the
relatively low Reynolds numbers encountered in typical TES applica-
tions. Under these theoretical considerations, the fundamental conser-
vation equations governing mass, momentum, and energy transport are
mathematically expressed through the following differential equations
[32,33]:

ap — _

PPV =0 @
oV o N . .

pSr+0(VI)V = = VP+u(V2V) = (T Te) § — S @

a(paLtPThv-(pchT) = V-(kVT) - S, 3)

where p is the PCM density (kg/m3), t is time (s), and V is the velocity
vector (m/s), P is the pressure (Pa), y is the dynamic viscosity (Pa-s), f is
the thermal expansion coefficient (K_l), T is the local temperature (°C),
g is the gravitational acceleration vector (m/s?), G, is the specific heat
capacity (J/kg-K), and k is the thermal conductivity. The Darcy-law

momentum damping source term (?) is defined as [34]:

= 1-2?* =
S =45 0001 @
The mushy zone constant (Ap,) is assigned a value of (10°) based on
established literature recommendations [35-37], providing appropriate
momentum damping in the partially solid regions while maintaining
numerical stability. The small constant 0.001 is a regularization term
that prevents division-by-zero singularity when A — 0 in fully solidified
regions. It follows the standard enthalpy-porosity implementation
practice [35-37]. Its influence on computed thermal performance met-
rics is negligible, as bulk quantities are governed by the thermal field.
The liquid fraction parameter (A) serves as the primary indicator of the
local phase state, ranging from zero in the solid phase to unity in the
liquid phase. This parameter is mathematically defined through the
enthalpy-based formulation [35]:

0 if T < Tsolidus
AH T — Tsois .
A=—= __— T -solidus if TSolidus <T< TLiquidus (5)
Lf TLiquidus - TSolidus
1 if T > TLiquidus

The latent heat source term (Sp) in the energy conservation equation
represents the temporal and spatial variations in thermal energy asso-
ciated with phase transformation processes:

A(piL
S, = % +V-(pViy) 6)

This formulation consists of two distinct physical mechanisms: the
temporal component d(pALy) /ot quantifies the rate of energy absorption
or release due to local phase state changes, while the convective

component (pVALf) accounts for the transport of latent heat through

liquid motion. During the melting process, the positive temporal de-
rivative of (A) creates a negative source term, representing the energy
sink associated with solid-to-liquid transformation. Conversely, during
solidification, the negative temporal derivative generates a positive
source term, reflecting the latent heat release during liquid-to-solid
crystallization.

The energy storage/release rate in the different multi-lobed tube
configurations during the charging and discharging operations is
mathematically estimated as:

_EefEi

Er . )
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where (tp) represents the characteristic time duration for complete
melting or solidification, while (E¢) and (E;) denote the total thermal
energy content of the PCM at the conclusion and initiation of the
respective process. The total energy content (E) encompasses both sen-
sible heat contributions (MCpdT) and latent heat contributions (ML),
providing a comprehensive measure of the thermal storage capacity.
During the charging phase, (Er) quantifies the net rate of energy accu-
mulation within the PCM, combining sensible heating effects and latent
heat absorption during the solid-to-liquid transition. The discharging
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phase evaluation involves the assessment of energy release rates,
incorporating both sensible cooling and latent heat liberation during
liquid-to-solid freezing. This time-averaged formulation provides a
consistent and practically relevant basis for comparing nine configura-
tions across both melting and solidification modes, while transient
behaviour and phase-change kinetics are complementarily captured
through the liquid fraction and mean temperature evolution curves re-
ported for all configurations in Section 5.

Initiate field variables U, p and T’

Compute phase field A from T

.

Compute energy phase change source term and velocity source/sink terms

l

v

Set a fixed time step and a relative tolerance of
1E-4 for momentum and continuity and 1E-6
for energy. Update the source terms.

|

Set under-relaxation factors 1.0 for energy,
0.5 for momentum and 0.3 for pressure

¥

Advance

Solve the Continuity, Momentum and Energy
Equations Coupled using QUICK and
PRESTO

Iterate using

time step ¥

Yes l

No

=l

Yes

Inner Loop
Convergence?

Liquid fraction

Newton method

No

Fig. 2. Diagram of numerical code implementation for solving the governing equations.



M. Benaissa et al.
3.2. Boundary and initial conditions

The thermal cycling operation consists of two distinct phases:
charging (melting) and discharging (solidification), each characterized
by specific temperature and thermal boundary conditions. The charging
process commences with the entire PCM domain initialized at a uniform
temperature of 30 °C, representing the initial solid-state condition. The
primary heat transfer surface (multi-lobed tube) is maintained at a
constant temperature of 60 °C, providing the thermal driving force for
melting. Secondary heat transfer surfaces in dual-tube configurations
are thermally insulated during this phase to prevent parasitic heat losses
and ensure controlled energy input. Upon completion of the charging
phase, the system transitions to the discharging operation with the PCM
domain initialized at 40 °C in the liquid state. The thermal boundary
conditions are reversed, with the primary heat transfer surface main-
tained at 10 °C to drive solidification, while previously active surfaces
are thermally insulated. The laminar flow assumption is justified by the
low Reynolds numbers characteristic of LHTES applications. For water
flowing through the 40 mm primary tube at typical operating velocities
of 0.01-0.05 m/s, Re < 100, well below the laminar-transitional
threshold of 2300 [38]. This condition holds across all investigated
configurations, including the dual-tube connected designs, where local
geometric complexity influences boundary layer development but does
not alter the bulk flow regime.

4. Solution methodology and validation

The governing equations were solved using ANSYS-FLUENT with a
finite volume approach. The SIMPLE algorithm was implemented to
handle pressure-velocity coupling, while the QUICK scheme was used to
discretize momentum and energy equations for third-order accuracy in
capturing the heat transfer/fluid flow patterns during the PCM phase
transitions. The PRESTO scheme was selected to manage pressure cor-
rections, particularly beneficial for complex multi-lobed geometries.
Under-relaxation factors were set at 0.3 for pressure and velocity, 0.5 for
liquid fraction, and 1.0 for energy. Convergence criteria were estab-
lished at 10~ for continuity and momentum equations, and 10~% for
energy equations. The flowchart of the numerical method implementa-
tion is illustrated in Fig. 2.

Mesh independence tests were conducted on Case 8 using structured
quadrilateral elements in both the HTF domain and the PCM region.
Four mesh densities were examined: 100 K, 150 K, 200 K, and 300 K
elements. As shown in Fig. 3a, liquid fraction predictions vary less than
0.5% between the 200 K and 300 K meshes in both melting and solidi-
fication, confirming grid-independent solutions. The 200 K mesh was
therefore selected for all simulations, providing an optimal balance
between accuracy and computational cost. Timestep sensitivity analysis
examined intervals of 0.1, 0.2, and 0.4 s. Fig. 3b demonstrates that the

0.8
=
=
S 0.6 Mesh100K
2 - — — — Meshl1S50K
b [ — - — - — Mesh200K
g- 0.4 —_——— — Mesh300K
|

0.2

- -
0 500 1000 1500

Time (s)
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0.2 s timestep produces results within 0.5% of the 0.1 s solution while
maintaining computational efficiency. A timestep of 0.2 s was therefore
adopted for all simulations. Case 8 was selected for mesh independence
testing as it represents the most geometrically complex configuration,
featuring the smallest connection lengths and highest interface density
among all dual-tube designs. Grid independence demonstrated for this
case is therefore conservative when applied to simpler single-tube con-
figurations, whose larger geometric features produce less severe local
gradients.

Numerical predictions were validated against experimental data
from Al-Abidi et al. [39] for a finned triplex-tube system with similar
PCM thermophysical properties and comparable thermal boundary
conditions. The experimental setup employed calibrated thermocouples
with £0.5% accuracy positioned at strategic locations throughout the
PCM domain to capture both the temporal evolution of local tempera-
tures and the spatial progression of the phase change front. Fig. 4 pre-
sents comparisons for both charging (Fig. 4a) and discharging (Fig. 4b)
phases. The experimental thermocouples had +0.5% accuracy.
Maximum deviations remained below 3% during melting, with excellent
agreement across initial sensible heating, isothermal phase change, and
final superheating phases. Solidification validation successfully
captured the heat transfer kinetics, with slight deviations during inter-
mediate solidification. This validation approach therefore provides a
reliable foundation for predicting thermal behaviour in multi-lobed
configurations, establishing the credibility necessary for drawing
meaningful conclusions about optimal geometric configurations and
heat transfer enhancement mechanisms.

5. Results and discussion
5.1. Melting performance analysis

5.1.1. Single-tube multi-lobed configurations

This section examines Cases 1-4, comparing the baseline circular
tube with 4-lobe, 6-lobe, and 8-lobe designs. The baseline circular tube
configuration (Case 1) serves as the reference against which the 4-lobe
(Case 2), 6-lobe (Case 3), and 8-lobe (Case 4) designs are evaluated
during the PCM melting process. The liquid-fraction evolution contour
maps, as illustrated in Fig. 5, reveal fundamental differences in melting
progression patterns between the circular and multi-lobed geometries.
The baseline configuration exhibits radially symmetric melting that
progresses slowly outward from the circular boundary, with the melting
front maintaining a relatively uniform circular profile throughout the
melting duration. In contrast, the multi-lobed configurations create
multiple thermal penetration pathways that accelerate melting along
preferential pathways corresponding to each lobe extension.

At the initial 600-s interval, the lobed geometries demonstrate
localized melting initiation at each lobe tip, forming distinct thermal

=
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Fig. 3. Exploring the impact of a) the mesh size and b) the timestep size on the average temperature of the PCM during the melting phase.
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Fig. 5. Liquid fraction contours during PCM melting process for single-tube multi-lobed configurations (Cases 1-4) at different time intervals.
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penetration zones that advance along the lobe extensions. The 4-lobe
design (Case 2) creates four primary melting channels oriented at 90°
intervals, resulting in a characteristic cross-shaped liquid region that
provides enhanced thermal access to previously inaccessible PCM vol-
umes. The liquid fraction distribution shows 15-20% melting comple-
tion compared to less than 10% for the baseline configuration at this
early stage. The 6-lobe configuration (Case 3) exhibits superior thermal
distribution characteristics, with six equally spaced melting fronts
creating a more uniform liquid fraction field throughout the PCM
domain. The reduced angular spacing between adjacent lobes (60°
versus 90° for the 4-lobe design) promotes more effective thermal

Case 1

Case 2

Case 3

Case 4

|

Journal of Energy Storage 165 (2026) 122298

coverage within the PCM domain.

By 1200 s, Case 3 achieves approximately 70% liquid fraction with
notably uniform distribution patterns, indicating an optimal balance
between thermal penetration and lateral heat spreading. The 8-lobe
design (Case 4) further increases the number of thermal penetration
points but demonstrates only marginal improvements over the 6-lobe
configuration. The reduced lobe width (15.18 mm versus 19.6 mm for
Case 3) and closer angular spacing (45°) create more restricted flow
channels that may limit the natural convection development within each
lobe cavity. The liquid fraction contours at 1200 s show similar overall
melting progress to Case 3, suggesting that the additional surface area

Ly
6V

Fig. 6. Temperature contours during PCM melting process for single-tube multi-lobed configurations (Cases 1-4) at different time intervals.
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provided by the eighth lobe pair is offset by reduced thermal effective-
ness per unit surface area.

The progression to complete melting reveals distinct advantages of
the multi-lobed geometries in the later stages of the process. At 1800 s,
the baseline configuration shows significant solid PCM regions in the
corners and periphery of the PCM domain, while the multi-lobed designs
demonstrate nearly complete liquid fraction achievement, with only
small solid regions persisting in the inter-lobe spaces. By 2400 s, the
lobed configurations have achieved complete melting while the baseline
case still retains approximately 35% solid fraction in the geometrically
disadvantaged regions.

The temperature distribution patterns presented in Fig. 6 provide
further evidence of enhanced thermal performance in the multi-lobed
configurations. The temperature contours demonstrate that the lobed
geometries create multiple high-temperature penetration zones that
extend deeper into the PCM domain at all time intervals. The 4-lobe
design (Case 2) creates four distinct thermal penetration zones with
enhanced temperature fields extending along each lobe channel. The
temperature distribution at 600 s shows elevated temperatures
(50-55 °C) extending approximately 20-25 mm from each lobe tip,
compared to similar temperature levels reaching only 10-15 mm from
the circular tube surface. This enhanced thermal penetration directly
correlates with accelerated melting rates and improved energy storage
kinetics. Case 3 (6-lobe) demonstrates the most favorable temperature
distribution characteristics among the evaluated configurations. The
temperature contours reveal optimal thermal field overlap between
adjacent lobes, creating continuous high-temperature regions that
minimize cold spots and promote uniform melting progression. At 1200
s, the temperature field shows remarkable uniformity with over 80% of
the PCM domain experiencing temperatures above 45 °C, compared to
less than 60% for the baseline configuration. The 8-lobe configuration
(Case 4) exhibits increased thermal surface area but demonstrates
diminishing returns in thermal field enhancement. While the tempera-
ture contours show additional thermal penetration points, the individual
lobe thermal development is somewhat restricted due to the reduced
lobe dimensions and closer spacing. The thermal field overlap between
adjacent lobes becomes more pronounced, potentially leading to ther-
mal interference effects that limit the individual lobe effectiveness.

Quantitative analysis of the average liquid-fraction evolution in
Fig. 7a confirms the superior melting kinetics of the multi-lobed designs.
The liquid fraction progression shows that Cases 2, 3, and 4 achieve
almost complete melting (A > 0.95) in 2400 s compared to around 65%
melting for the baseline configuration. Case 3 demonstrates the fastest
melting rate, reaching 60% liquid fraction approximately 1200 s earlier
than the baseline case. The mean temperature evolution in the mean
temperature evolution (Fig. 7b) corroborates the liquid fraction findings
and provides additional insights into the thermal energy absorption
characteristics. The multi-lobed configurations maintain consistently
higher average PCM temperatures throughout the melting process, with
temperature advantages of 3-7 °C observed during the critical inter-
mediate melting phase. Case 3 demonstrates the highest mean temper-
atures, reaching 40 °C approximately 800 s earlier than the baseline and
maintaining temperature advantages throughout the process.

The heat storage rate comparison in Fig. 8 quantifies the most sig-
nificant performance enhancement achieved through geometric modi-
fication. The multi-lobed configurations demonstrate heat storage rates
ranging from 161.16 W to 164.04 W compared to 104.17 W for the
baseline circular tube. Case 2 (4-lobe) achieves a 54.7% improvement
with a heat storage rate of 161.16 W, while Cases 3 and 4 reach 164.04
W and 163.22 W respectively, corresponding to enhancements of 57.5%
and 56.7%. The marginal performance difference between the 6-lobe
and 8-lobe configurations, with less than 1% variation in heat storage
rates, suggests that the optimal lobe number lies within the 6-8 range.
The diminishing returns observed beyond six lobes indicate that addi-
tional surface area gains are offset by reduced thermal effectiveness per
unit surface area and potential flow restrictions that limit heat transfer
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Fig. 7. Temporal evolution of (a) liquid fraction and (b) mean PCM tempera-
ture during melting for single-tube multi-lobed configurations (Cases 1-4).

180

160
140
120
100
80
60
40
20
0

Case 1 Case 2 Case 3 Case 4

Heat storage rate (W)

Fig. 8. Heat storage rates comparison for single-tube multi-lobed configura-
tions (Cases 1-4) during the melting process.

coefficient enhancement.

The enhanced performance of multi-lobed configurations is attrib-
uted to several involving mechanisms. The increased heat transfer sur-
face area directly enhances the thermal interaction between the heat
transfer fluid and the PCM, while the lobe geometry creates localized
thermal penetration pathways that accelerate the initial melting process.
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The formation of multiple melting fronts promotes natural convection
circulation patterns that distribute thermal energy more effectively
throughout the PCM domain. Additionally, the geometric configuration
influences the boundary layer development around each lobe, poten-
tially enhancing local heat transfer coefficients through flow accelera-
tion at the lobe tips.

5.1.2. Extended lobe configurations

The performance enhancement through geometric modifications
extends beyond the determination of optimal lobe numbers to encom-
pass the lobe extension length. This section analyzes Cases 4-6, specif-
ically comparing the standard 8-lobe design with extended 8-lobe and
deep-extension 8-lobe configurations. Three distinct configurations are
considered: the standard 8-lobe design (Case 4) with 10 mm lobe ex-
tensions, the extended 8-lobe design (Case 5) featuring 12.5 mm ex-
tensions, and the deep-extension 8-lobe design (Case 6) incorporating
15 mm lobe extensions. The liquid-fraction contour maps presented in
Fig. 9 reveal fundamental differences in melting progression patterns
between these configurations. At 300 s, Case 6 exhibits localized liquid
fraction values exceeding 0.8 at the lobe extremities, compared to
maximum values of 0.6-0.7 observed in Cases 4 and 5.

The progression to intermediate melting stages (600-1200 s) dem-
onstrates the cascading effects of enhanced thermal penetration. Case 6
develops continuous high liquid-fraction zones connecting adjacent lobe
regions approximately 200 s earlier than Case 5 and 400 s earlier than
Case 4. The liquid fraction distribution exhibits superior uniformity in
Case 6, with minimal cold spots persisting in the inter-lobe regions. The
enhanced thermal distribution is particularly evident at 1200 s, where
Case 6 demonstrates liquid fraction values exceeding 0.9 throughout
80% of the PCM domain, compared to 65% for Case 5 and 50% for Case
4. The approach to complete melting (1800 s) reveals the cumulative
advantages of deep lobe extensions. Case 6 achieves near-complete
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liquid fraction (>0.95) throughout the PCM domain while Cases 4 and
5 retain significant solid regions in the geometrically disadvantaged
inter-lobe spaces. The melting front propagation in Case 6 demonstrates
radial uniformity that approaches the ideal case, suggesting that the
deep extension configuration effectively overcomes the geometric lim-
itations inherent in multi-lobed designs.

The heat storage rate comparison (Fig. 10) quantifies the most sig-
nificant performance enhancement metric for TES applications. Case 5
achieves a heat storage rate of 176.69 W compared to 163.22 W for Case
4, representing an 8.2% improvement that demonstrates the good ben-
efits of moderate lobe extension. However, Case 6 achieves exceptional
performance with a heat storage rate of 194.70 W, corresponding to a
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Fig. 10. Heat storage rates and melting time comparison for extended lobe
configurations (Cases 4-6).
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19.3% enhancement over the standard 8-lobe design. This substantial
improvement indicates that the 15 mm lobe extension length ap-
proaches optimal geometric proportions for the investigated system
configuration. This enhancement in extended lobe configurations runs
through multiple pathways. The increased heat transfer surface area
provides direct enhancement to thermal interaction between the HTF
and PCM, while the deeper thermal penetration reduces the effective
thermal resistance to heat conduction within the PCM domain. Addi-
tionally, the extended lobe geometry influences local heat transfer co-
efficients through enhanced boundary layer development and potential
flow acceleration effects at the lobe extremities.

5.1.3. Dual-tube connected configurations

The dual-tube connected configurations represent a new advance-
ment in PCM-based system design, introducing cascaded heat transfer
pathways through intermediate thermal zones that fundamentally alter
the thermal interaction mechanisms between the HTF and the PCM. This
section is to evaluate Cases 7-9, systematically comparing the dual-tube
arrangements against the optimal single-tube configuration (Case 6).
The dual-tube concept operates on the principle of thermal cascading,
where heat transfer occurs through multiple sequential interfaces: from
the primary HTF stream through the multi-lobed inner tube wall, into
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the intermediate PCM zone, and subsequently through the secondary
tube wall into the outer PCM region. This configuration creates multiple
thermal penetration pathways that simultaneously increase heat trans-
fer surface area and promote enhanced thermal distribution throughout
the PCM domain.

The liquid fraction evolution analysis, as illustrated in Fig. 11, re-
veals fundamental differences in melting progression patterns between
the different dual-tube configurations. Case 7, featuring an 8-lobed
primary tube connected to a 70 mm secondary tube, demonstrates
exceptional melting kinetics with rapid liquid fraction development
initiating simultaneously at both the primary lobe extremities and the
secondary tube interface. At the initial 300 s interval, Case 7 exhibits
liquid fraction values exceeding 0.8 in the primary thermal penetration
zones and 0.6-0.7 in the secondary thermal regions, compared to
maximum liquid fractions of 0.6 and 0.4 observed in Cases 8 and 9
respectively. The liquid fraction contours at 600 s reveal that Case 7
achieves near-complete melting (liquid fraction >0.9) throughout 70%
of the PCM domain, while Cases 8 and 9 demonstrate complete melting
coverage of 45% and 25% respectively. The enhanced thermal distri-
bution in Case 7 is particularly evident in the intermediate PCM zones,
where the thermal bridging between primary and secondary interfaces
creates uniform melting progression that minimizes cold spots of single-
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Fig. 11. Liquid fraction contours during PCM melting process for dual-tube connected configurations (Cases 7-9) at different time intervals.
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tube configurations.

The approach to complete melting (1200s) reveals the cumulative
advantages of optimal dual-tube geometric proportions. Case 7 achieves
complete melting throughout the entire PCM domain while Cases 8 and
9 retain significant solid regions, particularly in the inter-connection
zones and peripheral areas distant from both primary and secondary
heat transfer interfaces. The melting front propagation in Case 7 dem-
onstrates radial uniformity in thermal distribution, suggesting that the
70 mm secondary tube diameter with optimized connection geometry
effectively overcomes the geometric limitations inherent in both single-
tube and sub-optimal dual-tube designs.

The performance metrics comparison, quantified in Fig. 12, indicates
that Case 7 achieves an exceptional heat storage rate of 419.39 W
compared to 194.70 W for the optimal single-tube configuration, rep-
resenting a remarkable 115.4% improvement. This substantial
enhancement indicates that the 70 mm secondary tube diameter with
optimized connection geometry approaches optimal geometric pro-
portions for dual-tube PCM storage systems. Case 8 demonstrates sig-
nificant performance enhancement with a heat storage rate of 303.73 W,
corresponding to a 56.0% improvement over Case 6, while Case 9 ex-
hibits degraded performance at 149.05 W, representing a 23.4%
reduction compared to the single-tube benchmark.

These dual-tube performance enhancement mechanisms fundamen-
tally alter the thermal interaction characteristics between the HTF and
PCM. The increased heat transfer surface area provided by the secondary
tube directly enhances thermal interaction capacity, while the inter-
mediate thermal zone creates thermal buffering effects that promote
more uniform temperature distribution throughout the PCM domain.
The connection geometry influences local heat transfer coefficients
through modified boundary layer development and potential flow ac-
celeration effects, while the cascaded thermal pathways reduce effective
thermal resistance through parallel heat transfer mechanisms. The
optimal geometric proportions achieved in Case 7 demonstrate that
dual-tube configurations can overcome the fundamental limitations of
single-tube designs while maintaining the concentrated thermal pene-
tration benefits of multi-lobed primary tube geometries.

5.2. Solidification performance analysis

5.2.1. Single-tube multi-lobed configurations

The solidification performance analysis of single-tube multi-lobed
configurations reveals fundamental differences in phase change kinetics.
This section examines the baseline circular tube configuration (Case 1)
against the modified geometries featuring 4-lobe (Case 2), 6-lobe (Case
3), and 8-lobe (Case 4) designs during the PCM discharging phase. The
liquid fraction evolution contour maps presented in Fig. 13 demonstrate
distinct solidification patterns that highlight the thermal advantages of
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Fig. 12. Performance comparison of dual-tube connected configurations in
terms of the heat storage rate (Cases 6-9).
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multi-lobed geometries. The baseline configuration exhibits character-
istic radially symmetric solidification that progresses slowly inward
from the circular boundary, maintaining a relatively uniform solidifi-
cation front throughout the discharging duration. The initial solidifica-
tion phase (600 s) shows liquid fraction values exceeding 0.9 throughout
the majority of the PCM domain. This slow solidification progression
reflects the limited thermal extraction capacity inherent in circular tube
geometries, where heat removal is constrained by the single thermal
interface and the developing thermal boundary layer resistance. Mean-
while, the multi-lobed configurations create multiple thermal extraction
pathways that fundamentally alter the solidification dynamics through
preferential heat removal channels.

The 4-lobe design (Case 2) establishes four primary solidification
zones positioned at 90° intervals, forming distinct thermal extraction
pathways that advance along each lobe extension into the PCM domain.
At 600 s, the liquid fraction contours reveal localized solidification
initiation at each lobe interface, with liquid fraction values dropping to
0.7-0.8 in the immediate vicinity of the lobe tips compared to values
above 0.9 observed in the baseline configuration. The 6-lobe configu-
ration (Case 3) demonstrates superior thermal extraction characteristics
through its optimized geometric proportions. The reduced angular
spacing between adjacent lobes (60° versus 90° for the 4-lobe design)
promotes more effective thermal coverage within the PCM domain. The
liquid fraction contours at 1200s show that Case 3 achieves approxi-
mately 50% solid fraction, compared to 35% solid fraction observed in
Case 2 and less than 25% in the baseline configuration. The 8-lobe
design (Case 4) achieves solidification kinetics comparable to Case 3,
with complete solidification occurring within similar timeframes. The
approach to complete solidification (2100-3300 s) reveals the cumula-
tive thermal advantages of multi-lobed geometries in overcoming the
geometric limitations of conventional circular designs. The multi-lobed
configurations achieve nearly complete solidification while the baseline
case retains significant liquid fractions in the central domain regions,
demonstrating the effectiveness of multiple thermal extraction pathways
in promoting uniform solidification progression throughout the PCM
volume.

The temperature distribution contours presented in Fig. 14 provide
complementary insights into the thermal field development mechanisms
that drive the observed solidification enhancements. The multi-lobed
configurations create multiple low-temperature penetration zones that
extend deeper into the PCM domain at all time intervals, establishing
enhanced thermal gradients that promote accelerated heat extraction.
The 4-lobe design creates four distinct thermal extraction zones with
enhanced low-temperature fields extending along each lobe channel,
achieving temperature reductions to 15-20 °C extending approximately
20-25 mm from each lobe interface at 600 s, compared to similar tem-
perature levels reaching only 10-15 mm from the circular tube surface
in the baseline configuration. The 6-lobe configuration exhibits optimal
temperature distribution characteristics among the evaluated designs,
with temperature contours revealing superior thermal field overlap
between adjacent lobes that creates continuous low-temperature regions
throughout the PCM domain. At 1200s, the temperature field demon-
strates remarkable uniformity with over 75% of the PCM domain
experiencing temperatures below 25 °C, compared to less than 55% for
the baseline configuration and 65% for the 4-lobe design. This enhanced
thermal distribution reflects the optimal geometric proportions achieved
in the 6-lobe configuration, where the lobe spacing and dimensions
facilitate effective thermal extraction without creating thermal dead
zones or geometric interference effects. The 8-lobe configuration dem-
onstrates increased thermal extraction surface area but exhibits dimin-
ishing returns in thermal field enhancement effectiveness.

Quantitative analysis of the temporal evolution characteristics pre-
sented in Fig. 15 further confirm the thermal performance advantages of
multi-lobed geometric modifications. The liquid fraction progression
(Fig. 15a) demonstrates that Cases 2, 3, and 4 achieve complete solidi-
fication in approximately 2800-3000 s compared to 5400 s required for
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Fig. 13. Liquid fraction contours during PCM solidification process for single-tube multi-lobed configurations (Cases 1-4) at different time intervals.

the baseline configuration, representing solidification time reductions of
44-48%. The mean temperature evolution analysis (Fig. 15b) corrobo-
rates the liquid fraction findings while providing additional insights into
the thermal energy release characteristics. The multi-lobed configura-
tions maintain consistently lower average PCM temperatures
throughout the solidification process, with temperature advantages of
2-5 °C observed during the critical intermediate solidification phase.
These sustained temperature advantages indicate that the 6-lobe
configuration achieves enhanced thermal coupling between the HTF
and the PCM, reflecting reduced thermal resistance and improved heat
transfer at the extraction interfaces.

The heat release rate comparison presented in Fig. 16 quantifies the
substantial improvements in thermal power delivery capabilities by the
multi-lobed configurations. They achieve heat release rates ranging
from 119.88 W to 120.43 W compared to 68.80 W for the baseline case,
representing remarkable improvements of 74-75% in thermal power
extraction capacity. Case 2 achieves a heat release rate of 119.88 W,
while Cases 3 and 4 demonstrate nearly identical performance at 120.19
W and 120.43 W respectively. The marginal performance difference
between the 6-lobe and 8-lobe configurations, with less than 0.2%
variation in heat release rates, provides strong evidence that optimal
lobe density lies within the 6-8 range for the investigated system pa-
rameters. This provides design guidance for practical implementation of
multi-lobed thermal energy storage systems.
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5.2.2. Extended lobe configurations

This section analyzes Cases 4-6 during solidification, specifically
comparing the standard 8-lobe design with extended 8-lobe and deep-
extension 8-lobe configurations. The content examines how increasing
lobe extension length impacts solidification performance and heat
release capacity. The liquid fraction contour evolution presented in
Fig. 17 demonstrates distinct solidification progression patterns that
fundamentally differ from the melting characteristics observed in Sec-
tion 5.1.2. The solidification process initiates simultaneously at all heat
transfer surfaces, with solid formation progressing radially outward
from the tube walls and lobe extremities. At 600 s, Case 6 exhibits solid
fraction values (1-)) exceeding 0.4 throughout 60% of the PCM domain,
compared to 45% solid coverage in Case 5 and 30% in Case 4.

The intermediate solidification phase (1200-1800s) reveals the
cascading effects of geometric enhancement on thermal energy extrac-
tion. Case 6 develops continuous solid regions connecting adjacent lobe
zones approximately 300 s earlier than Case 5 and 600 s earlier than
Case 4. At 1800 s, Case 6 demonstrates solid fraction values exceeding
0.8 throughout 75% of the PCM domain, compared to 60% for Case 5
and 45% for Case 4. The approach to complete solidification (2400 s)
reveals the cumulative thermal performance advantages of deep lobe
extensions. Case 6 achieves near-complete solidification (liquid fraction
<0.05) throughout the PCM domain while Cases 4 and 5 retain signifi-
cant liquid regions in the central core areas. The solidification front
propagation in Case 6 demonstrates radial uniformity, suggesting that
the 15 mm extension length effectively minimizes thermal resistance
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Fig. 14. Temperature contours during PCM solidification process for single-tube multi-lobed configurations (Cases 1-4) at different time intervals.

pathways during conduction-dominated heat transfer.

The heat release rate comparison quantified in Fig. 18 demonstrates
the most significant performance enhancement metric for thermal en-
ergy storage applications during the discharging phase. Case 5 achieves
a heat release rate of 152.14 W compared to 120.43 W for Case 4, rep-
resenting a 26.3% improvement that demonstrates the substantial ben-
efits of moderate lobe extension during solidification. However, Case 6
exhibits exceptional performance with a heat release rate of 189.16 W,
corresponding to a 57.1% enhancement over the standard 8-lobe design
and a 24.3% improvement over Case 5. The heat release rate

14

enhancement observed in extended lobe configurations exceeds the
corresponding improvements during melting (19.3% for Case 6), sug-
gesting that geometric optimization provides greater relative benefits
during solidification processes where natural convection effects are
suppressed.

5.2.3. Dual-tube connected systems

This section evaluates Cases 6-9 during the discharging phase, sys-
tematically comparing the optimal single-tube configuration (Case 6)
with innovative dual-tube arrangements featuring varying secondary
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tube diameters. The liquid fraction evolution in Fig. 19 reveals funda-
mental differences in solidification progression patterns. Case 7,
featuring an 8-lobed primary tube connected to a 70 mm secondary
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tube, demonstrates exceptional solidification kinetics with rapid solid
fraction development at both primary lobe extremities and secondary
tube interfaces. At the initial 300-s interval, Case 7 exhibits solid fraction
values (1-A) exceeding 0.3 throughout 65% of the PCM domain,
compared to solid fraction coverage of 45% and 25% observed in Cases 8
and 9, respectively. During the intermediate solidification phase
(600-900 s), Case 7 develops continuous solidification zones connecting
primary and secondary thermal interfaces approximately 200 s earlier
than Case 8 and 400 s earlier than Case 9.

The liquid fraction contours at 600 s reveal that Case 7 achieves solid
fraction values exceeding 0.6 throughout 70% of the PCM domain, while
Cases 8 and 9 demonstrate solid fraction coverage of 55% and 40%,
respectively. Case 8, incorporating a 60 mm secondary tube diameter,
exhibits superior performance characteristics that surpass even the
optimized Case 7 configuration during the later stages of solidification.
At 900 s, Case 8 demonstrates solid fraction values approaching 0.8
throughout 75% of the PCM domain, compared to 70% coverage in Case
7 and 50% in Case 9. This performance enhancement suggests that the
60 mm secondary tube diameter approaches optimal geometric pro-
portions for maximizing heat extraction during conduction-dominated
solidification processes. The approach to complete solidification
(1200 s), Cases 7 and 8 achieve near-complete solidification (liquid
fraction <0.05) throughout the entire PCM domain while Case 9 retains
significant liquid regions, particularly in the peripheral areas distant
from both primary and secondary heat transfer interfaces.

In Fig. 20, Case 8 attains an exceptional heat release rate of 401.54 W
compared to 189.16 W for the optimal single-tube configuration, rep-
resenting a remarkable 112.3% improvement in thermal power extrac-
tion capacity. The heat release rate enhancement observed in Case 8
significantly exceeds the corresponding improvement during melting
(56.0%), providing strong evidence that dual-tube configurations offer
greater relative benefits during discharging operations. Case 7 demon-
strates a heat release rate of 354.28 W, corresponding to an 87.3%
improvement over Case 6. Case 9 exhibits minimal performance
enhancement at 193.43 W, representing only a 2.3% improvement over
the single-tube benchmark. This implies that the optimal geometric
proportions of dual-tube configurations in Cases 7 and 8 can overcome
the fundamental limitations of single-tube designs during solidification
while maintaining the enhanced thermal penetration benefits of multi-
lobed primary tube geometries. The achieved advantages through
Cases 7 and 8 provide important design guidance for practical imple-
mentation, suggesting that secondary tube diameter optimization within
the 60-70 mm range can yield significant performance improvements.

6. Conclusions

This investigation has comprehensively examined the thermal per-
formance enhancement of PCM thermal energy storage systems through
advanced geometric modifications, encompassing single-tube multi-
lobed configurations, extended lobe geometries, and innovative dual-
tube connected systems. The numerical analysis, conducted using vali-
dated computational fluid dynamics modeling with the enthalpy-
porosity method, has revealed fundamental insights into the thermal
transport mechanisms governing PCM melting and solidification pro-
cesses across nine distinct geometric configurations.

The evaluation of single-tube multi-lobed configurations has
demonstrated that geometric optimization significantly enhances ther-
mal performance compared to conventional circular tube designs. The 6-
lobe configuration (Case 3) emerged as the optimal single-tube geome-
try, achieving a heat storage rate of (164.04 W vs 104.17 W) during
melting and (120.19 W vs 68.8 W) during solidification, representing
improvements of 57.5% and 74.8% respectively over the baseline cir-
cular configuration. The marginal performance difference between 6-
lobe and 8-lobe configurations, with less than 1% variation in heat
storage rates, established that optimal lobe density lies within the 6-8
range for the investigated system parameters.
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Fig. 18. Heat release rates comparison for extended lobe configurations (Cases
4-6) during solidification process.

The investigation of extended lobe configurations revealed that lobe
extension length represents a critical design parameter that significantly
influences thermal performance. The deep-extension 8-lobe configura-
tion (Case 6) with 15 mm lobe extensions achieved exceptional perfor-
mance with heat storage and release rates of 194.70 W and 189.16 W
respectively, corresponding to 19.3% and 57.1% improvements over the
standard 8-lobe design. The enhanced performance was attributed to
deeper thermal penetration that reduces effective thermal resistance and
creates more uniform temperature fields throughout the PCM domain.

The most significant advancement was achieved through the
implementation of dual-tube connected configurations, which funda-
mentally altered the thermal transport mechanisms through cascaded
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heat transfer pathways and intermediate thermal zones. Case 8,
featuring a 60 mm secondary tube diameter, demonstrated exceptional
performance with heat storage and release rates of 303.73 W and
401.54 W respectively, representing improvements of 56.0% and
112.3% over the optimal single-tube configuration. The complete
melting and solidification times were reduced by 35.4% and 53.5%
respectively, with the solidification process showing greater relative
improvement due to the effectiveness of multiple parallel thermal
extraction pathways during conduction-limited transport.

From a practical implementation perspective, the investigation has
established clear design guidelines for advanced PCM thermal energy
storage systems. For applications requiring balanced charging and dis-
charging performance, the 6-lobe configuration with 15 mm lobe ex-
tensions provides optimal single-tube performance with moderate
complexity. For applications prioritizing maximum thermal perfor-
mance, dual-tube configurations with secondary tube diameters in the
60-70 mm range offer exceptional performance enhancements that
justify the additional system complexity. From a manufacturing
perspective, the single-tube lobed profiles are producible through stan-
dard extrusion or drawing processes with minimal cost premium over
conventional circular tubes. The dual-tube connected configurations
require additional fabrication steps realizable through precision casting,
hydroforming, or welded assembly, representing a moderate cost in-
crease that is offset by the substantial performance improvements
demonstrated. The reported enhancements are specific to RT-35 and the
investigated shell diameter; their magnitudes will shift with PCM ther-
mal conductivity, viscosity, and latent heat, and the specific preferred
geometric values will change with system scale and aspect ratio. These
are acknowledged as study limitations.

Future research should prioritize experimental validation of the
proposed lobed and dual-tube configurations, which would identify any
discrepancies arising from manufacturing tolerances or three-
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Fig. 20. Performance comparison of dual-tube connected configurations during
solidification in terms of heat release rates (Cases 6-9).

dimensional flow effects. Extension to boundary conditions with real-
istic inlet temperature profiles representative of solar thermal and
building applications would further quantify the sensitivity of the re-
ported enhancement ratios to operating conditions. Thermal-hydraulic
analysis of the dual-tube connected configurations incorporating pres-
sure drop and pumping power penalties would complement the thermal
benchmarks established here. Continuous optimization of lobe count
and secondary tube diameter using response surface methodology would
refine the preferred ranges identified here into rigorously optimized
design parameters, and extension to inorganic PCMs, eutectics, and
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high-temperature salts is recommended to establish the generalizability
of the design guidelines across PCM classes.
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