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Abstract

The inherently low thermal conductivity of phase change materials (PCMs) significantly limits their applicability
in thermal energy storage (TES) systems. To address this limitation, carbon-based porous matrices are widely
utilized to establish highly conductive thermal networks, enhancing overall thermal conductivity, accelerating
heat recovery, and improving energy efficiency. In this study, a numerical investigation validated by a small-
scale experimental setup is conducted to evaluate the discharging characteristics of a graphite matrix-PCM
composite in an annular geometry with various configurations and operating conditions. Graphite matrices
with bulk densities of 23 kg/m3, 50 kg/m3, and 100 kg/m?3 are used to encapsulate the paraffin as a storage
material. Two-dimensional (2D) and three-dimensional (3D) models were developed, and the effects of varying
wall temperatures and HTF inlet parameters (temperature and velocity) on the discharging process were
comparatively analyzed. The originality of the present study lies in comparing an idealized 2D isothermal wall
boundary condition with a more physically representative 3D mass flow boundary condition, in which the HTF
domain, inlet temperature, inlet velocity, convective heat transfer, and axial HTF temperature development
are directly considered within the same annular graphite matrix-PCM composite TES unit. Simulations were
performed at three temperature levels (20°C, 30°C, and 40°C), representing practical applications such as tap
water, thermal power plant cooling water, and low-temperature geothermal systems. The results indicated
that increasing wall/HTF inlet temperatures prolongs the solidification process by reducing the thermal
gradient between the storage medium and the wall/working fluid. In contrast, the mass flow boundary
condition enhanced heat recovery compared to the isothermal wall boundary condition, resulting in shorter
discharge times. The maximum thermal energy recovery rate was obtained at a bulk density of 100 kg/m3, an
HTF inlet temperature of 20 °C, and an inlet velocity of 0.3 m/s. The findings further showed that lower bulk
densities were more suitable for capacity-oriented TES operation, whereas higher bulk densities were more
favorable for power-oriented heat recovery applications.

Keywords: thermal energy storage, discharging, solidification, energy recovery, phase change materials,
graphite matrix, heat transfer enhancement

Halkasal Aralik TES Sistemlerinde Grafit Matris-FDM Kompozitlerinin Farkli

Calisma Kosullarindaki Desarj Karakteristikleri
Oz
Faz degistiren maddelerin (FDM) dusuk 1sil iletkenligi, termal enerji depolama (TED) sistemlerindeki
uygulanabilirligini 6nemli olcide sinirlamaktadir. Bu sinirlamayi gidermek amaciyla, karbon bazli gézenekli
matrisler ylksek iletkenlige sahip isil aglar olusturmak igin yaygin olarak kullanilmakta; bu sayede toplam isil
iletkenlik artirilmakta, 1s1 geri kazanimi hizlandirilmakta ve sistem verimliligi iyilestiriimektedir. Bu ¢alismada,
farklh konfiglirasyon ve galisma kosullari altinda, halkasal geometriye sahip bir sistemde grafit matris-FDM
kompozitin desarj karakteristikleri sayisal olarak incelenmis ve elde edilen bulgular kiiclik olgekli bir deney
dizenegi ile dogrulanmistir. 23 kg/m3, 50 kg/m3 ve 100 kg/m3 yogunluklara sahip grafit matrisler, parafini
depolama malzemesi olarak kapsillemek icin kullanilmistir. iki boyutlu (2B) ve ii¢ boyutlu (3B) modeller
gelistirilmis; farkh duvar sicakliklari ile akiskan giris parametrelerinin (sicakhk ve hiz) desarj siireci Gzerindeki
etkileri karsilastirmali olarak analiz edilmistir. Mevcut ¢alismanin 6zglnlGgl, ayni halkasal grafit matris-FDM
kompozit TED (nitesi icerisinde ideallestirilmis 2B izotermal duvar sinir kosulunun, ITA bolgesi, giris sicakligl,
giris hizi, tasinim isi transferi ve ITA sicakhginin eksenel gelisiminin dogrudan dikkate alindigi daha fiziksel
olarak temsil edici 3B kiitlesel debi sinir kosulu ile karsilastiriimasinda yatmaktadir. Simiilasyonlar, musluk
suyu, termik santral sogutma suyu ve dustk sicaklkli jeotermal sistemleri temsil eden Ug farkli sicakhk
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seviyesinde (20°C, 30°C ve 40°C) gergeklestirilmistir. Sonuglar, duvar veya giris sicakligindaki artisin, FDM ile 1si
transfer akiskani arasindaki sicakhk farkini azaltarak katilasma sirecini uzattigini géstermistir. Buna karsilik,
kitlesel debi sinir sartinin uygulanmasi, izotermal duvar kosuluna kiyasla daha hizli isi geri kazanimi saglayarak
desarj surelerini kisaltmistir. Maksimum termal eneriji geri kazanim orani, 100 kg/m3 yigin yogunlugu, 20°C HTF
giris sicakligi ve 0.3 m/s giris hizi kosulunda elde edilmistir. Bulgular ayrica, daha disik yigin yogunluklarinin
kapasite odakl TES isletimi icin daha uygun oldugunu, buna karsilik daha yiksek yigin yogunluklarinin gig
odakli i1si geri kazanim uygulamalari i¢in daha avantajli oldugunu gostermistir.

Anahtar Kelimeler: termal enerji depolama, desarj, kKatilasma, enerji geri kazanimi, faz degistiren maddeler,
grafit matris, 1s1 transferi iyilestirme

Introduction

In recent years, thermal energy storage (TES) systems have gained significant attention as an
effective solution to mitigate the imbalance between energy supply and demand. TES can be
classified into two main categories: sensible heat storage, which relies on temperature variation, and
latent heat storage, which utilizes phase change materials (Pielichowska & Pielichowski, 2014;
Tripathi et al., 2023). However, sensible heat storage requires large volumes and becomes less
effective when the operating temperature range is relatively small, thereby limiting its practical
applicability (Chalivendula & Tarigonda, 2025; Dhaidan et al., 2023).

Latent heat thermal energy storage (LHTES) systems using PCMs have emerged as a notable research
focus due to their ability to store and release large amounts of energy within narrow temperature
ranges. Among various PCMs, paraffin is widely considered as a superior storage medium owing to its
high energy density, nearly isothermal phase transition, thermal stability, low toxicity, low
corrosiveness, and relatively low cost (Gupta et al.,, 2021; Venkateswarlu & Ramakrishna, 2022).
These attributes make paraffin particularly attractive for practical LHTES applications. However, its
inherently low thermal conductivity (~0.2 W/mK) remains a critical drawback, significantly limiting its
heat transfer performance (Goel et al.,, 2023; Singh et al.,, 2023). To overcome this limitation,
numerous thermal conductivity enhancement strategies have been investigated, including fins
(Fahad et al., 2025; Mahboobtosi et al., 2025) nanoparticles (Huang et al.,, 2024; Rokhforouz &
Sheikholeslami, 2024), metal-based matrices (Srivastava & Sahoo, 2025; Yang et al., 2024), and
carbon-based matrices (Choure et al., 2023; Nair et al., 2025). Among these approaches, expanded
graphite has demonstrated outstanding potential due to its high porosity (>80%), large surface to
volume ratio, and highly conductive thermal networks that allow the effective impregnation of
paraffin (Badenhorst, 2019). This approach significantly improves the heat transfer rate, storage
density, and thermal uniformity of the composite medium, thereby mitigating the low thermal
conductivity drawback of paraffin (Tong et al., 2019; Wu et al., 2022).

A review of the literature reveals growing research interest in graphite matrix-PCM composite for
thermal energy recovery applications. (Fethi et al., 2015) experimentally and numerically analyzed
paraffin/graphite composite blocks, reporting that increasing graphite content to 20% enhanced
block thermal conductivity by 319.2% while reducing latent heat capacity by 19%. The impact of
graphite particles was found to be more significant during the discharging process than during the
charging process. Similarly, (Lv et al., 2016) investigated polyethylene glycol/expanded graphite
composites (0-10 wt. %) in a rectangular TES unit and demonstrated that higher graphite content
increased the effective thermal conductivity by 2.10-6.11% compared to pure polyethylene glycol,
while reducing charging and discharging times by 46.52% and 30.05%, respectively. (B. Zhao et al.,
2016) evaluated molten salt/graphite/ceramic composites, showing that increasing the graphite
content from 5% to 20% reduced charging and discharging times by 10% and 15%, respectively,
under varying tube configurations and heat transfer fluid (HTF) velocities. (Gao et al.,, 2017)
investigated PCMs with expanded graphite fractions of 1-4% at operating temperatures of 100-200°C
in an annular TES geometry. Results revealed that while solidification time remained stable
compared to pure PCM, melting time decreased by 16.7%. Likewise, (Song et al., 2019) demonstrated
that an optimal graphite fraction of 16% enhanced the thermal conductivity of dodecane by 15-fold
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while eliminating leakage issues. For radiant cooling applications, (Fang et al., 2020) experimentally
investigated pentadecane/expanded graphite composites (0-30 wt. %) in an annular TES unit. They
found that increasing the graphite fraction improved storage capacity but reduced discharge rates.
Similar findings were also reported in (Dai et al., 2018; Opolot et al., 2020; Xiao et al.,, 2015)
conducted a numerical study on charge-discharge cycle performance in an annular TES systems with
PCM581 and graphite foams at different porosities (80-95%). Higher porosity led to extended charge
and discharge durations, while positioning graphite foam near the heating/cooling wall yielded
superior thermal performance. Similarly, (C. Zhao et al., 2021) numerically investigated the melting
and solidification behaviour in rectangular geometries with partially filled graphite foams. The
findings revealed that a porosity of 0.9 reduced melting and solidification times by 58.4% and 92%,
respectively. In partially filled configurations-only the bottom portion was filled with graphite foam-
melting exhibited superior enhancement compared to solidification. Similar studies were performed
by (Liu et al., 2026; Morali, 2026; Zhelezny et al., 2025).

A review of the literature indicates that although several studies have addressed the
discharging/solidification/heat release processes of thermal energy storage units, they have received
less systematic attention than charging/melting/heat storage. In particular, the effect of carbon-
based approaches on the solidification behaviour of PCMs remains less comprehensively examined.
Current studies predominantly concentrate on the characterization of fundamental thermal
properties-such as latent heat and thermal conductivity-while overlooking a systematic evaluation of
heat recovery performance characteristics of TES systems. To fill this gap, the present study
numerically investigates graphite matrix-PCM composites with bulk densities of 23 kg/m?, 50 kg/m?,
and 100 kg/m? in a horizontally oriented annular geometry selected for its compactness and thermal
efficiency. This study builds upon the experimental/numerical basis established by (Mitincik & Yazici,
2024), which characterized the discharge behaviour of paraffin/graphite matrix composites under
isothermal wall temperature conditions and demonstrated the role of composite bulk density in
improving conduction-dominated heat recovery. In the present work, this previously validated basis
is extended toward a more application-oriented assessment of the TES unit under practical HTF
operating conditions. Both two-dimensional (2D) and three-dimensional (3D) numerical models are
developed and systematically compared to assess their capability in capturing the solidification
dynamics and heat recovery behaviour of the composite TES system. In the 2D model, the discharge
process is formulated as a radially dominated reference problem by applying an isothermal wall
boundary condition (BC) at the inner tube surface. In contrast, the 3D model provides a more
physically representative description of the same annular TES configuration by directly incorporating
the HTF domain (inlet temperature and inlet velocity), convective heat transfer, and the axial
development of the HTF temperature along the tube. The selected annular TES configuration and
operating temperature range are relevant to low-to-moderate temperature heat recovery
applications, particularly solar thermal energy and low-grade industrial waste heat recovery systems.
Accordingly, wall/HTF inlet temperatures of 20°C, 30°C, and 40°C were selected to represent practical
operating scenarios, including tap water, power plant cooling water, and low-temperature
geothermal energy. The influence of these operating conditions was evaluated through solidification
duration/liquid-fraction-time variation, critical temperature evolution, recovered thermal energy,
and energy recovery rate, providing a comprehensive assessment of the overall heat recovery
characteristics of the system. The combined evaluation of recovered thermal energy and energy
recovery rate has enabled the capacity-rate balance of the graphite matrix-PCM composite TES unit
to be interpreted at a broader system level, rather than assessing heat recovery performance based
only on discharge duration or total stored energy. Model validation of both 2D and 3D simulations is
achieved through a dedicated small-scale experimental setup, ensuring the reliability of the
simulations. By coupling numerical and experimental approaches, this work not only advances the
understanding of discharging processes in graphite matrix composite with PCM TES units but also
provides design-relevant insights for enhancing the efficiency and applicability of thermal energy
recovery technologies in sustainable energy systems.
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Material and Method

Numerical Model

Figure 1 and Figure 2 illustrate the schematic representation of the two-dimensional (2D) and three-
dimensional (3D) numerical models adopted in this study. In the 2D geometry, the BC was
characterized by imposing an isothermal wall temperature at the surface of the copper tube,
whereas in the 3D geometry it was represented by the inlet temperature of the HTF. The inner (28.5
mm) and outer (110 mm) diameters of both 2D and 3D numerical models are the same, as shown in
Figures 1 and 2. The length of the 3D model was set to 500 mm. Pure paraffin was selected as a PCM,
while highly porous (>80%) graphite matrix served as a thermal conductivity enhancement material.
This configuration not only increased the effective thermal conductivity of the composite TES
medium but also promoted the stable encapsulation of paraffin within the porous graphite matrix
through capillary forces and surface tension effects (Huang et al.,, 2019). The thermophysical
properties of graphite matrix-PCM composite employed in the simulations are listed in Table 1.
Model accuracy was ensured through validation against experimental temperature data obtained
from a dedicated test rig in the authors’ previous work (Mitincik & Yazici, 2024). Temperature
monitoring in both experimental and numerical investigations was performed at local measurement
points located 8 mm, 18 mm, 28 mm, and 38 mm away from the wall/working fluid. The point at
which the solidification process is finally completed is defined as the critical point, and it is indicated
in red in both model geometries.

Isothermal wall
10mm

10mm

10mm

Rin:14.25mm

Symmetry

Figure 1. Schematic Representation of the 2D Numerical Mmodel Geometry

HTF inlet mm---- -~ -mm) HTF outlet

Rin=14.25mm

Rout=55mm L=500mm

Figure 2. Schematic Rrepresentation of the 3D Numerical Mmodel Geometry
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Table 1. The thermophysical Properties of the Ggraphite Matrix-PCM Composite Used in Nnumerical
Simulations (Mallow et al., 2016).

Composite PCM bulk density o C k L T,
[kg/m’] [kg/m’] [kJ/kgK] [W/mK] [)/kg] [°C]
23 839.55 2546.6 2.3 161900 56.3
50 856.55 2486.45 4.7 157000 56.3
100 888.15 2381.45 9.6 136400 54.5

The numerical simulations were performed using the Ansys Fluent CFD package, which employs the
enthalpy-porosity technique for solving melting/solidification problems. This approach eliminates the
need for explicit interface tracking by treating the mushy zone as a porous medium, where the liquid
fraction varies continuously during phase change (Brent et al., 1988; Voller & Prakash, 1987).

To simplify the thermal model, the following assumptions were adopted:

e The composite PCM is considered homogeneous and isotropic.

e Heat transfer within the graphite matrix composite with paraffin during the discharging
process is assumed to occur only by conduction, while density variations are neglected.

e The viscosity of the graphite matrix-PCM composite is set to be infinite (10°) (Ling et al.,
2015; Song et al., 2019).

e Viscous dissipation effects are neglected due to the absence of large velocity gradients.

e A convective heat transfer coefficient of 3 W/m?’K is adopted at the outer BC to represent
natural convection from the outer surface of the TES unit to the surrounding stagnant air.

e No internal heat generation exists within the graphite matrix-PCM composite.

e Axial heat conduction at the HTF mass flow BC is neglected.

Based on these assumptions, the governing equations are formulated as follows:

For the HTF:

Continuity

v.V=0 (1)
Momentum

pfg +pV.VV = p; V2V — VP (2)

Thermal energy
aT =
Here, the subscript “f” denotes the fluid, while “c” represents the composite.

For the graphite matrix-PCM composite:

0H

pca = kC(VZTC) (4)

The total enthalpy H is defined as the sum of sensible and latent heat:
H=h+AH=h+AL (3)

Tc
h = hyep + [ CprdT (6)

The enthalpy variations associated with the phase change process can be calculated as follows:

_ . i Te—Tsolid . . .
A= {0 lf Tc < Tsolidus: m lf Tsolidus < Tc < Tmeltingr 1 lf Tc > Tmelting (7)

During the solidification process, the thermophysical properties of the material were assumed to
remain constant. In the 3D model, considering that the HTF flows through a tube with a diameter of
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28.5 mm at inlet velocities of 0.2 and 0.3 m/s, the corresponding Reynolds numbers were calculated
to range from 5.7x10° to 1.3x10* using the thermophysical properties of water within the present
operating temperature range. Accordingly, the k-w SST turbulence model was selected for the HTF
flow, as it is suitable for wall-bounded internal flows and provides a reliable near-wall treatment. This
is particularly important in the present study, since heat extraction from the TES medium is governed
by convective heat transfer at the inner tube wall. Pressure-velocity coupling was handled using the
Coupled Algorithm, while the PRESTO! scheme was adopted for pressure correction. For the spatial
discretization of the momentum and thermal energy equations, the Second Order Upwind scheme
was applied to ensure numerical accuracy. The convergence criteria were defined as 10 for the
continuity equation and 10 for both momentum and energy equations.

Model Validation and Solution Independency

Figure 3 presents the 2D and 3D model validation studies for the graphite matrix-PCM composite TES
medium. Validation was performed by comparing the time-dependent temperature profiles obtained
from both experimental (Mitincik & Yazici, 2024) and numerical simulations. Owing to its high
thermal conductivity and porosity, the graphite matrix acts as a thermal bridge, effectively
encapsulating the paraffin and suppressing natural convection. As a result, heat transfer within the
composite PCM is dominated by conduction, leading to a more uniform temperature distribution.
Therefore, to enable direct comparison, temperature probe T; was used as a reference in the 2D
geometry, while probes Ty, Tqo, T13, and T4, were assigned in the 3D configuration. The vertical
dashed lines in Figure 3 present the total discharging times derived from experimental and numerical
results. The temperature profiles demonstrate strong agreement in both numerical model
geometries. The minor discrepancies observed can be attributed to the assumption of constant
thermophysical properties (e.g., specific heat, latent heat, and thermal conductivity) in the numerical
model, whereas these properties are inherently temperature-dependent in practice. Additionally,
isotropic material assumptions were adopted in the simulations, despite the anisotropic thermal
conductivity of the graphite matrix. Further deviations may also arise from measurement
uncertainties and human factors during the experimental characterization of thermophysical
properties.

75 T T T T T 90 T T ]
! ‘ T, Experimental —— Ty (Numerical) —=— T, (Experimental) '
701 | 3 . ] —— T,, (Numerical) —=— T, (Experimental)| | !
[ T3 Numerical 801 T,; (Numerical) T, (Experimental)| | . ]
8 65 ] G ~——T,, (Numerical) —=— T,, (Experimental)
o o \ 1
(] [
£ wi- {5
S . s ]
8 55 =, 1 2
£ - £
() a () =
= 504 . S =4
45 ] =8 ] ]
40 T T T T T 30 T T = =
0 5 10 15 20 25 30 0 10 20 30
Time (min) Time (min)

Figure 3. Model Validation of Graphite Matrix-PCM Composite Based on Time-dependent
Temperature Profiles

Note. 2D model validation (a), 3D model validation (b)

A detailed sensitivity analysis of mesh density and time-step size was performed to validate the
numerical stability and accuracy of both the 2D and 3D models. The reference configurations used
composite bulk densities of 0 kg/m* for the 2D model and 75 kg/m?® for the 3D model (Mitincik &
Yazici, 2024). A symmetry BC was applied in both cases to simplify the computational domain. For 2D
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simulations, an isothermal wall temperature of 15°C was prescribed, whereas the 3D model
employed an HTF inlet velocity of 0.15 m/s and an inlet temperature of 25°C. The mesh
independence test in 2D employed 1.92 x 10%, 2.7 x 10%, and 3.96 x 10" elements (Mitincik & Yazici,
2024), while 1.58 x 10° 2.01 x 10°, and 2.59 x 10° grids were tested for the 3D model, with refined
meshing in the vicinity of the heat transfer tube to resolve thermal gradients. The results (Table 2
and Table 3) confirmed mesh independence beyond 2.7 x 10* and 2.01 x 108 cells, respectively. Time-
step sensitivity analysis (0.5 s, 1 s, 2 s) indicated stable convergence for At < 1 s in both models.
Accordingly, a grid size of 2.7 x 10" (2D) and 2.01 x 10° (3D) cells with a 1 s time step was adopted for
all subsequent simulations.

Table 2. Mesh Sensitivity Analysis Based on Liquid-fraction Variations for 2D Numerical Model

50 min 150 min 250 min 380 min
1.92 x 10" 0.745 0.351 0.170 0
2.7 x 10" 0.748 0.354 0.172 0
3.96 x 10° 0.751 0.355 0.174 0

Table 3. Mesh Sensitivity Analysis Based on Liquid-fraction Variations for 3D Numerical Model

5 min 15 min 25 min 28.5 min
1.58 x 10° 0.764 0.405 0.165 0
2.01x 10° 0.768 0.408 0.167 0
2.59 x 10° 0.770 0.409 0.168 0

Results and Discussion

In this study, the effect of BCs on the discharging characteristics of an LHTES unit is systematically
investigated for solar and industrial waste heat recovery applications. The analysis primarily focuses
on liquid fraction-time variations, local temperature evolutions at critical points, recovered thermal
energy, and thermal energy recovery rates. Numerical simulations were performed for nine different
scenarios employing 23 kg/m?, 50 kg/m® and 100 kg/m® graphite matrix-PCM composite bulk
densities. These scenarios included isothermal wall BCs (20°C, 30°C, and 40°C) and mass flow BCs
(20°C-0.2 m/s, 20°C-0.3 m/s, 30°C-0.2 m/s, 30°C-0.3 m/s, 40°C-0.2 m/s, and 40°C-0.3 m/s). This
section provides a detailed discussion of the simulation results obtained for the investigated
parameters.

Effect of Boundary Condition on Solidification Duration

Figure 4 illustrates the liquid fraction (A) with time (s) variations for a bulk density of 23 kg/m* under
different BCs, including isothermal wall (T,,;: 20°C, 30°C, and 40°C) and mass flow (Ti,e: 20°C, 30°C,
40°C; Vinier: 0.2 m/s and 0.3 m/s). The A-time relationship provides key insights into the heat release
behaviour of the LHTES medium during the solidification process. Overall, the solidification duration
increases with higher wall and HTF inlet temperatures, indicating a slower phase transition. This
behaviour is attributed to the reduced temperature gradient (AT) between the PCM solidification
point and the applied wall/HTF inlet temperatures. For instance, under the isothermal wall BC of T,
20°C, the solidification process is completed in 3148 s, whereas increasing the wall temperature to
30°C and 40°C extends the solidification duration by 32.81% and 104%, yielding 4181 s and 6423 s,
respectively. A similar trend is observed for mass flow BC, where the solidification time increases
from 791 s at Tiger: 20°C-Viner: 0.2 m/s to 961 s and 1271 s for Tie: 30°C and 40°C, respectively. A
higher wall and HTF inlet temperature weakens the thermal driving force for heat extraction, thereby
reducing the rate of latent heat removal and delaying the progression of the solidification front
through the graphite matrix-PCM composite. Compared to the isothermal wall BC, the mass flow BC
results in faster heat extraction and shorter solidification duration, particularly at lower HTF inlet
temperatures. This improvement is primarily attributed to the more realistic representation of HTF-
side convective heat transfer under the mass flow BC, whereas the isothermal wall BC represents an
idealized thermal constraint at the tube surface without accounting for the axial development of the

7



Ordu Universitesi Bilim ve Teknoloji Dergisi | Ordu University Journal of Science and Technology 2026, 16

HTF temperature. However, increasing the HTF inlet velocity has a limited effect on solidification
times. For example, at Ti: 30°C, raising the velocity from 0.2 m/s to 0.3 m/s reduces the
solidification time by just 1.56% (from 961 s to 946 s). The limited influence of HTF inlet velocity on
solidification duration indicates that the increased turbulence at higher velocities enhances HTF-side
convective heat transfer and accelerates energy removal from the LHTES medium; however, the
overall discharge response remains predominantly governed by conductive heat transfer within the
graphite matrix-PCM composite.
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Figure 4. Liquid Fraction (A)-time (s) Variations for 23 kg/m> Composite Bbulk Density
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Effect of Composite PCM Bulk Density on Critical Temperature Profiles

Figure 5 presents the temperature profiles at critical temperature points for bulk densities of 23, 50,
and 100 kg/m3 under a constant wall/HTF inlet temperature of 30°C. These cases include isothermal
wall BC applied in the 2D numerical model (T,.: 30°C) and mass flow BC scenarios implemented in
the 3D numerical model (Tiyet: 30°C-Viner: 0.2 m/s and 0.3 m/s). The term “critical point” refers to the
location where the phase change process is completed last. Due to the nearly uniform solidification
behaviour of the composite PCM across the annular region as validated in (Mitincik & Yazici, 2024),
any of the T,4, Tg, or Ty, temperature points in the 2D geometry subjected to an isothermal wall BC
can be considered representative. In this study, the T, local temperature point is selected as the
reference point. In contrast, within the 3D model governed by mass flow BCs, the critical point
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corresponds to the farthest node from the wall, located near the outlet. This shift in the critical point
is mainly caused by the axial thermal development of the HTF along the tube. As the HTF absorbs
heat from the storage medium, its temperature increases in the flow direction, reducing the local
thermal driving force near the outlet and delaying solidification in this region. The dashed vertical
lines in Figure 5 denote the solidification completion times. For the 3D configuration, it is assumed
that heat transfer within the graphite matrix-PCM composite domain occurs only in the radial (r)
direction, while axial (x) conduction is neglected. Therefore, the delayed solidification near the outlet
is attributed to the axial temperature rise of the HTF rather than to axial conduction within the
composite storage medium. Across all BCs, a distinct three stage phase change trend is observed: (i)
rapid initial temperature drop corresponding to the sensible heat recovery phase, (ii) a slower
temperature decrease, representing latent heat release during the solidification process, and (iii) a
secondary rapid temperature reduction once the phase transition is completed, particularly
pronounced under isothermal wall BC employed in the 2D model. On the other hand, increasing bulk
density accelerates temperature decay and reduces phase change times to reach the HTF inlet
temperature (see Figure 5), as higher conductivity composite PCMs facilitate more effective heat
transfer to the working fluid. Increasing composite bulk density strengthens the conductive thermal
network within the graphite matrix-PCM composite, reduces the internal thermal resistance of the
composite medium, and promotes faster radial heat transfer from the storage medium toward the
HTF medium. Therefore, the latent heat release stage becomes shorter at higher bulk densities,
leading to earlier completion of solidification. However, this accelerated temperature response
should be interpreted together with the reduced PCM loading at higher bulk density, since the
improved thermal response is accompanied by a lower latent heat storage capacity. For the 3D
model, variations in HTF inlet velocity produce similar temperature evolution patterns, with only
minimal effect on critical temperature point behaviour. Although higher inlet velocity enhances HTF-
side convective heat transfer through increased turbulence and promotes more effective heat
removal, its impact on the critical temperature profiles remain limited. This indicates that within the
investigated velocity range, the temperature evolution is governed primarily by radial heat
conduction within the graphite matrix-PCM composite rather than by HTF-side convective heat
transfer.
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Figure 5. Critical Temperature Profiles of Graphite Matrix-PCM Composite under Different BCs

Note. 23 kg/m’ (a), 50 kg/m’ (b), 100 kg/m’ bulk densities (c)

Evaluation of Recovered Thermal Energy

Figure 6 illustrates the recovered thermal energy under different BCs, including both isothermal wall
and mass flow BC scenarios (Twai: 20°C, Tinet: 20°C-Vinier: 0.2 m/s, Tiniet: 20°C-Vinier: 0.3 m/s, Tiner: 30°C,
Tinet: 30°C-Vinier: 0.2 m/s, Tiniet: 30°C-Vinier: 0.3 m/s, Tyan: 40°C, Tiner: 40°C-Vinier: 0.2 m/s, Tiniet: 40°C-Vipjet:
0.3 m/s) for composite PCMs with bulk densities of 23, 50, and 100 kg/m>. The total recovered
thermal energy is theoretically expressed by the following equation:

Qrotal = MCp AT + mlt mcy, | AT [J] (8)

where, m, ¢, and L represent the mass (kg), specific heat (J/kgK), and phase change enthalpy (J/kg),
respectively. This expression accounts for both sensible and latent heat contributions; therefore, the
recovered thermal energy is affected not only by the temperature difference imposed during
discharge but also by the amount of PCM retained within the graphite matrix. Across all wall/HTF
inlet temperatures and flow rates, higher bulk density results in a reduction in total recovered
thermal energy, primarily due to the lower porosity and consequently reduced PCM absorption. For
instance, under Tyai: 30°C, Tinet: 30°C-Viner: 0.2 m/s and Tigier: 30°C-Vinier: 0.3 m/s, the total recovered
thermal energy are 95817.9 kJ, 93056.5 kJ, and 93174 kJ for a bulk density of 23 kg/m3, but decrease
to 89550.6 kJ, 87303.6 kJ, and 87672.3 k] at 100 kg/m3 corresponding to a reduction of
approximately 5.9-6.5%, relative to the 23 kg/m?® reference cases. This decline arises from reduced
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PCM absorption, which is the primary latent heat carrier. Increasing the graphite matrix density
improves the heat transport pathway but simultaneously reduces the volume available for paraffin
impregnation; consequently, the latent energy of the graphite matrix-PCM composite decreases.
Therefore, the recovered thermal energy should be interpreted as a capacity-oriented performance
metric, since it directly reflects the amount of useful thermal energy that can be extracted from the
storage medium. In addition, increasing the wall/HTF inlet temperatures weakens the temperature
gradients between the TES medium and the wall/working fluid, thereby reducing sensible heat
recovery and decreasing the thermal driving force required for latent heat removal. As a result, the
reduction in the available thermal potential difference for heat extraction lowers the total recovered
thermal energy. At 23 kg/m> composite bulk density, the recovered thermal energy are 99636.8kJ,
95618.13kJ, and 95747.4 kJ for Tyai: 20°C, Tiner: 20°C-Viner: 0.2 m/s and Tiger: 20°C-Vinier: 0.3 m/s,
respectively; these values decrease to 95817.9kJ, 93056.5kJ, 93174k]) at T,i: 30°C, Tiner: 30°C-Vipjer:
0.2 m/s and Tiper: 30°C-Viner: 0.3 m/s, and further drop to 91963.7kJ, 90483.1kJ, and 90518.3 kJ at
Twal: 40°C, Tiner: 40°C-Viner: 0.2 m/s and Tiner: 40°C-Viner: 0.3 m/s. These correspond to reductions of
7.7% (from Tai: 20°C to 40°C), 5.37% (from Tinet: 20°C-Vinier: 0.2 m/s t0 Tinjer: 40°C-Vinier: 0.2 m/s), and
5.46% (from Tiger: 20°C-Vipier: 0.3 m/s t0 Tiner: 40°C-Viner: 0.3 m/s), respectively. The findings indicate
that maximum thermal energy recovery is achieved under lower HTF inlet temperatures and higher
inlet velocities. These conditions establish steeper thermal gradients, which enhance the
effectiveness of energy recovery from the TES unit. The effect of HTF inlet velocity on recovered
thermal energy is comparatively smaller than that of HTF inlet temperature, since velocity primarily
modifies the HTF-side convective heat transfer whereas the total recoverable thermal energy is
governed mainly by the available thermal potential between the storage medium and the imposed
the isothermal wall/HTF inlet temperature. However, total recovered thermal energy is not fully
characterize the discharge performance of the TES unit, since it is not account for the time required
to release the stored thermal energy. Therefore, this metric should be evaluated together with the
thermal energy recovery rate to distinguish capacity-oriented heat recovery performance from
power-oriented discharge behaviour.

11
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Evaluation of Thermal Energy Recovery Rates

Thermal energy recovery rates for composite PCMs with bulk densities of 23 kg/m?®, 50 kg/m?, and
100 kg/m?® under varying isothermal wall and mass flow BCs (Twa: 20°C, Tiniet: 20°C-Vinet: 0.2 M/, Tintet:
ZOOC-VimetZ 0.3 m/s; Twar: 30°C, Tinlet: 30°C'Vinlet: 0.2 m/s, Tinlet: 30°C'Vinlet: 0.3 m/s; Twal: 40°C, Tinlet:
40°C-Vipier: 0.2 m/s, Tiner: 40°C, Viner: 0.3 m/s) are demonstrated in Figure 7. Recovery rate (S) is a
critical parameter that establishes a relationship among key independent variables of the composite
PCM storage medium, namely time, mass, and recovered energy. This parameter quantifies the
amount of thermal energy recovered per unit mass per unit time, and is defined as:

6.0 (9)

mxt

where Q represents the recovered thermal energy (J), m the mass of storage medium (kg), and t the
solidification duration (s). It should be emphasized that the thermal energy recovery rate is not a
direct measure of total storage capacity. Instead, it should be interpreted as a specific thermal power
output or discharge intensity of the TES medium. Since S is calculated by normalizing the recovered
thermal energy by both storage mass and solidificatiion duration, a higher S value indicates faster
energy release per unit mass. However, this is not necessarily correspond to a higher total amount of
recovered thermal energy. Therefore, the energy recovery rate should be interpreted together with
the recovered thermal energy, since these two metrics represent different aspects of TES
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performance: the former reflects discharge intensity, whereas the latter reflects recoverable storage
capacity. This distinction is essential from a design perspective, since a configuration that releases
heat rapidly is not necessarily the configuration that provides the largest total heat output over the
complete discharge period.

In all cases, higher bulk density led to significant improvements in recovery rates. While composite
PCMs with higher bulk density contained less PCM and thus lower total thermal storage capacity,
their enhanced thermal conductivity substantially shortened solidification times, thereby
accelerating thermal energy release. However, the same increase in composite bulk density reduces
PCM loading and latent heat capacity, thereby decreasing the total recoverable thermal energy. This
behavior indicates that the selection of composite bulk density should not be based solely on heat
transfer enhancement. Instead, it should be regarded as a design variable that determines the
balance between recoverable storage capacity and discharge performance. Lower composite bulk
densities may be more suitable for capacity-oriented applications requiring higher total heat
recovery, whereas higher composite bulk densities are more favorable for power-oriented
applications requiring faster discharge and higher recovery rates. For instance, at Tya: 30°C, Tined:
30°C-Viner: 0.2 m/s, and Tya: 30°C, Tinet: 30°C-Viner: 0.3 m/s, increasing the bulk density from 23 kg/m’
to 100 kg/m3 resulted in recovery rate improvements of 273.49%, 175.83%, and 187.20%,
respectively, relative to the corresponding 23 kg/m?® cases. An increase in inlet velocity of the HTF
also improved recovery performance due to intensified turbulence induced by greater fluid motion
and enhanced convective heat transfer. For instance, at HTF inlet temperature of 20°C and an inlet
velocity of 0.2 m/s, the recovery performances were 301.45, 552.19, and 846.8 W/kg for bulk
densities of 23 kg/m?, 50 kg/m?, and 100 kg/m?, respectively. When the velocity increased to 0.3 m/s,
performance values improved by 1.94%, 3.44%, and 6.35%, reaching 307.29, 571.19, and 900.61
W/kg, respectively. Similarly, at a HTF inlet temperature of 40°C and inlet velocity of 0.2 m/s,
recovery performances are 177.53, 322.59, and 471.49 W/kg for the bulk densities of 23 kg/m?, 50
kg/m>, and 100 kg/m?, respectively. Increasing the velocity to 0.3 m/s yielded improvements of
1.55%, 0.06%, and 6.22%, resulting in recovery performances of 180.29, 322.77, and 500.8 W/kg,
respectively. This effect was particularly pronounced at lower HTF inlet temperatures. On the other
hand, increasing the wall/HTF inlet temperature led to reduced recovery performance due to
diminished temperature gradients (AT) between the composite PCM storage medium and
wall/working fluid. This prolonged the solidification duration and reduced the energy recovery rates.
For instance, at an HTF inlet velocity of 0.3 m/s, recovery performance for bulk densities of 23 kg/m3,
50 kg/ms, and 100 kg/m3 decreased by 54.76%, 54.74%, and 57.15%, when the HTF inlet temperature
was raised from 20°C to 40°C, dropping from 78.9, 158.1, and 299.4 W/kg to 35.7, 71.56, and 128.3
W/kg, respectively, relative to the corresponding 20°C reference cases. Composite PCM bulk density
and HTF inlet temperature are found to be the most critical parameters determining recovery
performance. The maximum thermal energy recovery rate was achieved at 100 kg/m? bulk density,
an HTF inlet temperature of 20°C, and an inlet velocity of 0.3 m/s. However, this condition should be
interpreted as the most favorable case for rapid heat release rather than the optimum condition for
maximizing total recovered thermal energy. In other words, higher graphite loading improves the
rate at which heat is extracted, whereas lower graphite loading preserves a larger PCM fraction and
therefore supports greater recoverable thermal energy capacity. This finding demonstrates the
capacity-rate balance introduced by bulk density variation: lower bulk densities favor capacity-
oriented TES operation, whereas higher bulk densities favor power-oriented heat recovery.

It should also be noted that the calculated energy recovery rates are based on the homogeneous
medium representation of the graphite matrix-PCM composite and constant thermophysical
properties. Therefore, the reported values should be treated as comparative indicators within the
investigated bulk density and operating ranges. Pore-scale anisotropy, local graphite-PCM contact
effects, and temperature-dependent latent heat may modify the recovery rate, but they are not
expected to alter the observed design tendency between recoverable capacity and discharge rate.
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Conclusions

In this study, the discharging behaviour of an annular thermal energy storage unit incorporating a
graphite matrix-PCM composite was systematically investigated under different operating conditions

in both

2D and 3D simulations. The analysis considered various bulk densities (23 kg/ma, 50 kg/ma,

and 100 kg/m?), HTF inlet velocities (0.2 m/s and 0.3 m/s for 3D simulations), and wall/HTF inlet
temperatures (20°C, 30°C, and 40°C). The key findings can be summarized as follows:

The incorporation of graphite matrix into the PCM formed an interconnected conductive
thermal network, which reduced internal thermal resistance, improved heat transfer and
significantly accelerated the solidification-driven thermal recovery process.

Higher wall/HTF inlet temperatures weaken the thermal driving force for heat recovery by
reducing the temperature difference between the composite PCM and the wall/working
fluid, resulting in prolonged solidification duration and slower phase change. Specifically, for
the 23 kg/m? bulk density, solidification duration increases by up to 104% under isothermal
wall BCs and by approximately 60.7% under mass flow BCs when the temperature is raised
from 20°C to 40°C.
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e Compared with the isothermal wall BC, the mass flow BC provided a more effective heat
extraction mechanism from the graphite matrix-PCM composite, leading to shortened the
discharge duration and accelerated energy recovery rate.

e Maximum thermal energy recovery was achieved at the lower HTF inlet temperature of 20°C
and the higher inlet velocity of 0.3 m/s, primarily due to the enhanced HTF-side convective
heat transfer.

e Composite bulk density and wall/HTF inlet temperatures were the most critical parameters
influencing the heat recovery performance of the TES unit. Increasing the bulk density from
23 kg/m?®to 100 kg/m* enhances the thermal energy recovery rate by up to 273%, whereas
elevating the wall/HTF inlet temperatures from 20°C to 40°C reduces recovery performance
by approximately 55% across all bulk densities.

e Recovered thermal energy and energy recovery rate indicate capacity-oriented and power-
oriented TES design targets, respectively; thus, lower composite bulk densities are preferable
for maximizing thermal energy recovery, whereas higher composite bulk densities are more
suitable for rapid-response applications requiring faster discharge.
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