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A B S T R A C T

The intrinsic low thermal conductivity of PCM restricts performance of phase change systems. Incorporation of 
metal fins represents an efficacious strategy to remediate the inferior thermal performance. In order to establish 
more efficient heat transfer, a nonuniform topology-based fin structure fitting for a rounded rectangle shell-tube 
phase change unit is designed in this paper. This paper investigated the effect of nonuniform tree-like fins on the 
melting characteristics of phase change units. The topology domain is achieved based on a density-based opti
mization methodology, with a heat source varying along the vertical direction innovatively. Numerical results 
reveal that the tree-like fin structure is distributed within the design domain. The varying heat source induces 
more metal fins placed in the bottom part of the phase change unit. Topology fins are capable of reducing the 
unmelted “dead zone” appearing in the bottom corners of the no-fin or even-fin phase change unit. The balance 
between thermal transient conduction and convection reduces the total melting time of PCMs in the topology 
phase change unit approximately 52.78 % and 23.62 % when compared to the no-fin and even-fin cases. The 
phase change unit with nonuniformly topologized fins (n = 2) is optimal with fastest melting rate and lowest 
average temperature of PCM. Fin volume, tube-shell ratio and heat flux are found to have positive effect on phase 
transition of the phase change unit. The melting rate of phase change unit is significantly accelerated by an 
increase in fin volume, tube-shell ratio and heat flux. In conclusion, this paper illustrates the heat transfer 
enhancement of a phase change unit integrated with the nonuniform topology fins, with noticeable benefit to the 
optimal design of phase change system.

1. Introduction

The global energy system is undergoing a significant transition, with 
renewable energy emerging as a crucial component in the face of 
mounting concerns about fossil fuel scarcity and environmental degra
dation [1]. High-quality development of renewable energy enables to 
facilitate green and low-carbon transformation and sustainable devel
opment, steadily paving the way for carbon neutrality [2,3]. Whereas, 
renewable energy is generally limited by the discontinuity and insta
bility, which needs to be solved urgently [4,5].

Latent heat thermal energy storage system employs phase change 
materials (PCMs, which are usually solid-liquid PCMs) as the medium, 
through which thermal energy can be stored or released in the form of 

latent heat [6,7]. It has unparalleled advantages in terms of high energy 
storage density and nearly isothermal energy storage process, presenting 
numerous potential applications in the field of renewable energy [8,9]. 
However, the inherent low thermal conductivity of PCM greatly restricts 
its flow and heat transfer characteristics, exerting a negative effect on 
the corresponding charging/discharging performance of the latent heat 
thermal energy storage system [10–12]. Therefore, available methods 
are sought with large unmet engineering needs to address this 
limitation.

Insertion of the metal fins is reckoned as an effective strategy for 
enhancing heat transfer of the latent heat thermal energy storage system 
[13]. It is established that the high-temperature heat source transfers 
heat to the metal fins, which then quickly transfers to the low- 
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temperature solid PCMs, establishing efficient heat transfer between the 
heat source and PCMs [14,15]. Previous research has assessed a variety 
of fin shapes (rectangular, annular, triangular, helical and branch), fin 
materials (Cu, Fe, Al, Ti and Ni) and fin arrangement (cylindrical shell- 
and-tube, rectangular, triple-tube and multitube) [16–21]. Numerous 
fin shapes (Y-shaped fins, twisted fins, eccentric V-shaped fins, honey
comb fins, arc-shaped fins, Petal-shaped fins, hook-shaped fins, tree 
shaped fins) are also developed [22–29]. Effects of fin parameters on 
thermal performance enhancement of latent heat thermal energy stor
age system are also explored. It is proposed that metal fins have the 
potential to enhance the thermal performance of a latent heat thermal 
energy storage system. The passive fins play a crucial role in remarkably 
augmenting the heat transfer rate in PCM-based systems [30]. Incor
porating tree shaped fins is highly effective approach to promoting the 
solidification and melting of PCM systems in thermal management ap
plications [31]. Tree-fin structures have drawn considerable attention 
due to their outstanding performance in LHTES storage systems [32]. 
BarikIt et al. [33] studied the melting of PCM in three-tube heat ex
changers with different configuration of tree fins, and observed that the 
melting time was significantly shortened with the increase of fin struc
ture. Shukla et al. [34] assessed the effect of tree fin parameters on the 
melting of PCM. Results showed that heat transfer was remarkably 
improved with implement of the fin structure. Ziaei et al. [35] studied 
the influence of complexity and freedom degree for the tree-like struc
ture on melting of PCM. Results indicated that the heat transfer rate 
density increased with the growth of the complexity and the freedom 
degree. Whereas, these accessible results primarily concentrate on the 
performance of a prefabricated fin configuration, rather than on the 
development of an innovative design with regard to the variable 
demands.

Topology optimization is a mathematical method for optimizing 
distribution of materials within a specific design area based on the given 
load, constraints and performance indicators [36,37]. It can be 
conceptualized as a structural optimization to guide the shape design of 
fins in a phase change unit. Topology optimization is usually performed 
by taking the average temperature or maximum temperature of PCM as 
the objective function. The variable density-based topology optimiza
tion is sensitive to changes in structural topology, and is therefore being 
widely utilized in the optimization design of practical engineering 
structures. Topology optimization research mainly includes two distinct 
areas: continuum topology optimization and discrete structure topology 
optimization [38]. Both of them are strongly dependent on the finite 
element method (FEM). Numerous studies have applied topology opti
mization to design more efficient metal fins available to the latent heat 
thermal energy system [39,40].

Peremans et al. [41] used topology optimization to obtain optimal 
designs for rectangular PCM modules based on a conductive heat 
transfer model for the PCM to maximum mean charging power. The 
topology designs were particularly suitable to increase the performance 
for long compartments. Zhao et al. [42] numerical compared thermal 
performance of a phase change energy storage tank with topology fins 
and no-topology fins. The topology structure could reduce the thermal 
storage and release time by 70 % and 81 % compared to the 4-fin 
configuration. Iradukunda et al. [43] aimed to generate topology opti
mized fin structures that could be integrated into the phase change units 
to enhance the heat transfer rate. Experimental results indicated that the 
topology structure improve PCM performance significantly relative to a 
benchmark plate fin, reducing the peak temperature by up to 18.9 ◦C 
under a pulsed load of 50 W. Guibert et al. [44] employed the level-set 
method to topologically optimize the distribution of both PCM and high 
thermal conductivity materials within a heat sink. The phase change 
heat sink displayed superior thermal performance with a maximum 
temperature reduction of up to 42 % and a mean temperature reduction 
of up to 42 %, contributing to address crucial challenges in thermal 
management. Pizzolato et al. [45] designed a topology optimization 
framework of a thermal energy storage system involving phase change. 

The layout of a highly conductive material embedded in the phase 
change unit was optimized to maximize the heat exchange performance. 
The 3D optimized design yielded a discharge time reduction of roughly 
20 % with respect to the 2D design. It can be concluded that the 
aforementioned investigations were focused on topology optimization 
based on thermal conduction with the objective to develop an excellent 
latent heat thermal energy system. An even fin layout is formed in order 
to achieve improved heat dissipation from the heat source. Compared to 
the single random arrangement of metal fins, the topology structures are 
proposed to exert beneficial influence on the phase change heat transfer 
of PCM.

There is substantial evidence that natural convection plays a signif
icant role in influencing the phase transition process of PCM. The natural 
convection facilitates the flow of the melted liquid PCM. The effective 
heat transfer coefficient of the phase change unit incorporating natural 
convection is proven to be greater than that only considers thermal 
conduction. Given that natural convection of liquid PCM gradually 
emerges and intensifies over time during the melting process, numerous 
studies have conducted topology structure optimization through the 
integration of convection heat transfer.

Chen et al. [46] designed the inner fins of spherical phase change 
capsules by applying topology optimization techniques. The fin model 
with minimized dissipation of thermal conductivity as the objective 
function was found to have the best performance of reducing the melting 
time by 34.22 %. Zhang et al. [47] applied topology optimization to 
design of the fin structure of the latent heat thermal energy storage 
system. Effects of parameters including penalty factor, filter radius, 
steepness factor and threshold value on the topology were analyzed. 
Results showed that the topology fins provided a larger heat transfer 
area and a more reasonable heat transfer path. Chen et al. [48] obtained 
novel fins in a shell-tube phase change accumulator considering natural 
convection through the topology optimization method. Results indi
cated that natural convection was favorable to obtain a better fin 
structure to enhance thermal performance. When the weight ratio of the 
maximum average temperature and the minimum temperature differ
ence was 1.5, performance of the shell-tube phase change accumulator 
was further improved. Abate et al. [49] obtained an optimized fin 
structure for a passive PCM-based heat sink under a heat flux of 1 W/ 
cm2. It was found that topology optimization could be an effective tool 
to optimize the structures of heat sinks coupled with PCMs. The peak 
temperature reached by the source plate in the thermal transient 
considered was approximately 20 ◦C lower than that reached without 
any enhancers. See et al. [50] developed a topology-optimized phase 
change heat sink suitable to the electronics cooling. Results showed that 
the natural convection topology-optimized heat sink had a lower base 
temperature compared to the conventional no-fin heat sink, but a higher 
base temperature than the topology-optimized heat sink based on heat 
conduction. Ho et al. [51] obtained that the better thermal performance 
of the topologically tree-like structure heat sink was due to its optimized 
heat conduction paths that allowed heat from heat source to be effi
ciently dissipated to the PCM. The topology optimized structures 
generated by considering both heat conduction and phase transition 
differed limited from the solo-thermal conduction case. Pizzolato et al. 
[52] presented a heat transfer intensification to the shell-and-tube latent 
heat thermal energy storage unit by means of high conducting topology 
fins. Compared results indicated that accounting for fluid flow in design 
optimization studies was crucial to thermal performance. Topologically 
designed fins with specific features remarkably benefited phase transi
tion of PCMs.

Based on the above literatures, it is arrived that topology optimiza
tion of the phase change unit considering convection produces an un
even fin layout within the phase change unit. This special structure is 
beneficial to the development of natural convection for liquid PCMs, 
which subsequently promotes thermal performance of the phase change 
unit. While, effect of natural convection on phase transition of PCM is a 
transient process that gradually increases with the augment of the 
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charging time. PCMs undergo solid-liquid transition during the melting 
process and liquid flow at low velocity (magnitude of 10− 3) occurs 
within the phase change unit owing to the driving force of thermal 
buoyancy. The metal fins obtained from topology optimization have 
tree-like structure, resulting in serious obstruction to flow of liquid 
PCMs. Topology optimization methodology regarding the weak con
vection of PCM allows for significant design freedom, which leads to 
deficiencies of long calculation period, low computational efficiency and 
numerical instability, etc.

It is evident that natural convection of liquid PCM is more intensive 
in the upper part of the phase change unit, accelerating the melting of 
PCM and creating a temperature decline trend along the vertical upward 
direction. Inspired by the research phenomenon, this paper configures a 
varying heat source in the design domain of conventional topology 
optimization in order to correspond the temperature distribution of 
PCMs. This paper aims to design nonuniform topologized fins within the 
phase change system and the formed fins could effectively utilize ther
mal conduction and convection to improve the phase transition process. 
A phase change unit with rounded rectangle configuration is built in this 
investigation. It has the potential to function as an independent, small- 
scale energy storage system or to be stacked together to form a large- 
scale energy storage system. It is anticipated that this special topology 
structure will facilitate the collaborative utilization of convection and 
conduction. Parametric analysis is also conducted to assess effects of fin 
volume, tube-shell ratio and heat flux on thermal performance of the 
phase change units. Obtained results are beneficial to develop topolog
ical fin phase change units with excellent heat transfer performance.

2. Methodology

Fig. 1 illustrates that the latent heat thermal energy unit is designed 
as a concentric structure which comprises an interior surface with a 
high-temperature heat flux. PCM is filled in the space between the 
interior and exterior surfaces, acting as the medium for storing thermal 
energy. Various copper fins are fixed on the interior surface of the latent 
heat thermal energy unit in order to promote the melting of PCM. 
Thermophysical properties of PCM and copper are listed in Table 1. The 
LHTES structure can be rationally simplified into a two-dimensional 
physical model without considering the depth. This paper aims to 
arrange the copper fins according to the topology optimization.

2.1. Heat transfer analysis

2.1.1. Physical model
A two-dimensional physical model of the LHTES unit for heat 

transfer analysis is built in Fig. 1(b). The concentric structure has an 
inner radius (R1) of 5 mm and an outer radius (L) of 25 mm, with the 
middle space filled with PCM. The incorporation of copper fins serves to 
accelerate the heat transfer from the heat source to the PCM, thereby 
enhancing the phase change heat transfer of PCM and consequently 
achieving a latent heat based thermal energy storage with improved 
performance.

2.1.2. Governing equations
The transfer of thermal energy from the heat source to the PCM or 

copper fins occurs via two mechanisms: thermal conduction and con
vection. Phase transition from a solid to a liquid state appears in the PCM 
during the thermal energy storage process. This paper terms PCM as an 
incompressible Newtonian liquid that follows the Boussinesq approxi
mation. Local thermal equilibrium is accomplished through the coupling 
between the solid and liquid phases [14]. 

(1) For copper fins

Only energy conservation equation of copper fins is considered in 
this investigation. 

∂T
∂τ = α

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)

+
ϕ

ρccp,c
(1) 

where τ is the time; α, ρc and cp,c are the thermal diffusivity, density and 
specific heat of copper; ϕ is the source term. 

(2) For PCM

An enthalpy-porosity method is utilized to evaluate related phase 
change heat transfer of PCM. The whole computational domain is 
treated as a porous zone with the porosity of each cell characterized by 
liquid fraction (f). The obtained governing equations, which pertain to 
continuity, momentum and energy conservation are separately shown in 
Eqs. (2)–(4). 

∂
(
ρf
)

∂τ +∇
(
ρf u→

)
= 0 (2) 

∂
(
ρf u→

)

∂τ +∇
(
ρf u→ u→

)
= − ∇p+ μf∇

2u+ ρf gβf
(
Tf − Ts

)
+ Su,f (3) 

∂
(
ρf H

)

∂τ +∇
(
ρf u→H

)
= ∇

(
λf∇T

)
+ Sr,f (4) 

where u→ is the velocity of liquid PCM; ρf, μf, λf, p and βf denote the 
density, dynamic viscosity, thermal conductivity, pressure and thermal 
expansion of PCM; Su,f and Sr,f are the source terms in momentum and 

Fig. 1. Schematic of the phase change units, (a) Structure diagram and (b) Two-dimensional physical model.

Table 1 
Thermophysical properties of utilized PCM and copper.

Properties PCM Copper

Solid Liquid

ρ(kg/m3) 900 850 8960
cp(J/(kg⋅oC)) 1950 2100 385
κ(W/(m⋅oC)) 0.25 0.20 400
μ(Pa⋅s) – 0.0035 –
L(kJ/kg) 190 –
Tm(K) 315.15 321.15 –
β(1/K) 0.0008 –
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energy conservation equations, Su,f = − uAmushy
(1− f)2
f3+ψ , Amushy = 105, ψ =

0.001; H represents the PCM enthalpy that equals to the sum of sensible 
heat (Hs) and latent heat (L). 

H = Hs + fL (5) 

Hs = Href +

∫ T

Tref

cpdT (6) 

where Href and Tref are the reference enthalpy and temperature; The f 
is used to indicate the volume proportion of melted PCM during the 
research. f will linearly change within the scope of 0 and 1 for PCM in the 
mushy region. f = 0 or 1 represents PCM is in solid or liquid state. 

f =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0,Tf < Ts

Tf − Ts

Tl − Ts
,Ts < Tf < Tl

1,Tf > Tl

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(7) 

where Ts and Tl are the initial and terminal temperatures of the PCM 
mushy zone.

2.2. Topology optimization

The cooper fins are situated within the PCM region via a topology 
optimization methodology [47]. Heat transfer between solid (copper 
fin) and liquid (PCM) are coupled together. Thermal energy is expected 
to store in the form of latent heat in the LHTES unit, resulting in an 
approximate isothermal rapid charging process. Accordingly, an objec
tive function (Eq. (8)) of minimizing the average temperature PCM is 
developed during the optimization (Fig. 2). 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

minimize : TΩ,ave

s.t.0 < γ < 1
1

VΩ

∫

γdΩ ≤ Vf

(8) 

where TΩ,ave is the average temperature of PCM in the design domain; Vf 
is the designed volume fraction of the copper fin.

2.2.1. Density-based topology optimization
A density-based topology optimization method is adopted with the 

design domain exhibiting characteristics similar to a porous medium 
material [53]. A design parameter (γ) which shifts between 0 and 1 is 
used to delineate the material of the cells. γ = 0 or 1 denotes that the cell 
corresponds to the PCM or copper fin. The material properties within the 
design domain can continuously vary from 0 to 1 through an interpo
lation function. The sensitivity of the parameter makes it convenient to 
use a gradient algorithm for topology optimization.

Considering the natural convection of liquid PCM enabling to play a 

critical role during its phase transition, the Solid Isotropic Microstruc
tures with Penalization (SIMP) interpolation model is utilized in this 
investigation, with a modified nonlinear thermal boundary to reflect the 
effect of natural convection on thermal performance [41,54]. The to
pological density and thermal conductivity of materials in the design 
domain are determined by the related formula in Eqs. (9)–(10). 

ρ = ρf + γp
(
ρs − ρf

)
= ρf +(γmin +(1 − γmin)

pSIMP )
(
ρs − ρf

)
(9) 

κ = κf + γp
(
κs − κf

)
= κf +(γmin +(1 − γmin)

pSIMP )
(
κs − κf

)
(10) 

where ρs and κs are the density and thermal conductivity of the PCM; ρf 
and κf are the density and thermal conductivity of the copper fin; PSIMP is 
the SIMP exponent; γmin is the minimum penalized volume fraction.

2.2.2. Helmholtz filtration
The design domain is discretized into numerous cells through the 

FEM [42]. In order to circumvent the numerical instability caused by the 
mesh dependency and checkerboard problem, the optimization process 
necessitates the Helmholtz partial differential equations (Eq. (11)) to 
accurately filter out any inherent fuzzy patterns that may be observed in 
the obtained optimization results. 

− r2∇2γ̃ + γ̃ = γ (11) 

where r is the filter radius, which generally equals to the mesh size; ̃γ is 
the filtered design variable.

2.2.3. Hyperbolic tangent projection
In consideration of the fact that the Helmholtz filtering method 

produces noticeable grayscales to the topology process, a smooth step 
function of projection is introduced with the objective of reducing the 
grayscales. This paper selects a hyperbolic tangent projection to elimi
nate the intermediate grayscales in the design domain [55,56]. The 
projection quantity can be well regulated by means of the slope (β) and 
projection point (γβ). 

γ̃ =
tanh

(
β
(
γ̃ − γβ

) )
+ tanh

(
βγβ

)

tanh
(
β
(
1 − γβ

) )
+ tanh

(
βγβ

) (12) 

2.3. Numerical solving

The numerical calculation is divided into two steps: topological 
optimization and thermal performance analysis. The steady topological 
optimization is initially performed through the FEM embedded in 
COMSOL Multiphysics software. Subsequently, the obtained topologized 
structure of copper fins is implemented into the PCM domain. The 
transient thermal performance analysis is then mathematically solved 
based on the FEM.

2.3.1. Boundary condition and initial condition

(1) For steady topological optimization

The interior surface is termed as a constant temperature boundary 
condition. Correspondingly, the exterior surface is assumed as an adia
batic boundary condition. In order to accurately reflect the uneven 
melting of PCM in the vertical direction, heat flux of the heat source is 
defined as a function of the y-coordinate in design domain (Eq. (13)). 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

internal surface : T = Tint

exterior surface :
∂Text

∂τ = 0

desgin domain : qPCM =
q0

2Ri
|y − 2Ri|

n

(13) 

where Tint is the temperature of internal surface, 273.15 K; q0 is the Fig. 2. The schematic of the topology optimization.
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average heat flux of the design domain, 106 W/m2; n is the characteristic 
exponent to adjust the distribution of heat sources, n = 0 or n ∕= 0 means 
that the heat source exists uniformly or nonuniformly. 

(2) For transient thermal analysis

The movement of liquid PCM is driven by thermal buoyancy. The fin 
surface, interior surface devoid of metal fins and exterior surface are 
treated as wall boundary condition in the velocity field. The whole 
interior surface is designated as a constant heat flow boundary in heat 
transfer field. The exterior surface is well insulated and functions as an 
adiabatic boundary condition. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

internal surface : q = qint , u→= 0

exterior surface :
∂Text

∂τ = 0, u→= 0

middle space : coupling of solid and liquid heat transfer

(14) 

where qint is the heat flux of heat source, 2500–10,000 W/m2.

2.3.2. Solving method
The computational region is discretized through the staggered grid 

technology. The governing equations and topological optimization are 
numerically solved through the FEM. The topology field of design var
iable is optimized by using the Method of Moving Asymptotes (MMA), 
with an adjoint approach to calculate the sensitivities of the objective 
function and constraints. The relative tolerance of the topology opti
mization is set to 10− 5.

The governing equations of heat transfer adopt variable time steps, 
which are regulated by a free step implicit backward differentiation 
formula (BDF). A parallel direct solver with relative residual of 10− 5 is 
about to solve the continuity, momentum and energy conservation 
equations. The relative residual is checked at each time step of the nu
merical calculation in order to maintain a highly accurate resolution.

2.4. Independence test and model verification

2.4.1. Mesh independence
Liquid fraction and temperature of PCM at the upper wall surface are 

compared through three mesh numbers (125,640, 190,232 and 
251,731) in Fig. 3. It is identified that only slight changes are produced 
with increase of the mesh number. This paper adopts the mesh number 
of 190,232 in the numerical study based on the balance of both calcu
lation accuracy and calculation period.

2.4.2. Model verification
The numerical model is verified through the comparison between the 

experimental and simulated results. A circular shell and tube phase 
change unit is fabricated in this paper with the purpose of evaluating the 
melting characteristics (Fig. 4). The radius of the inner tube and outer 
tube are respectively 40 mm and 80 mm, with the outside wrapped in an 
insulation layer.

The melting process is conducted through the heating from the 
interior surface of the phase change unit. A flexible electric heater is 
attached in the interior surface to maintained a constant heat source of 
353.15 K, while the exterior surface is maintained as an adiabatic con
dition. The intermediate space between inner and outer tubes is fully 
filled with PCM (Tm = 317.15 K, L = 173.8 kJ/kg, λ = 0.147 W/(m⋅K), 
Cp = 2300 J/(kg⋅K), β = 0.000615). The comparison indicates that the 
simulated liquid fraction and temperature of PCM are almost consistent 
with those of the experimental determination. Slight discrepancy is 
mainly caused by incomplete adiabatic conditions and delayed capture 
of the phase interface. It is thus rationally inferred that the built nu
merical model is accurate to be applied in the following investigation 
towards performance of phase change units.

3. Results and discussion

3.1. Topology structure of PCM units

The copper fins layout is designed through a topology optimization. 
n is a parameter to regulate the distribution of heat source. n = 0 means 
that the heat source exists uniformly. Obtained results (case T1) in Fig. 5
illustrate that fins are distributed evenly within the designed domain, 
extending from the interior to the exterior in a tree-branched configu
ration. This structure is conducive to promoting the heat transfer along 
the specified direction. PCMs stored in the phase change unit then melt 
rapidly, thereby achieving superior performance of latent heat energy 
storage system. Considering the high-temperature liquid PCM will flow 
upwards under the influence of thermal buoyancy, it is necessary to 
enhance heat transfer of the low-temperature solid PCM at the bottom 
part. This paper proposes a novel nonuniform heat source in order to 
generate uneven copper fin arrangement in the vertical direction. Case 
T2-T5 in Fig. 5 are separately corresponding to the topology fin struc
tures when n changes from 0.5 to 2.0. Larger n indicates more heat is 
concentrated in the negative direction of y-axis. The copper fins tend to 
be placed in the bottom part of the phase change units to dissipate more 
thermal energy from the heat source, facilitating the phase transition of 
PCMs.

3.2. Addition of topology fins

Melting performance of the topology phase change unit is compared 
with two conventional phase change units (no-fin and even-fin cases), 
with the detailed structures presented in Fig. 6(a). The volume ratios of 
copper fins are maintained at a constant of 0.2 in both the even-fin and 
top-fin cases. Thermal energy is rapidly accumulated in the interior 
surface owing to the low thermal conductivity of PCMs. PCMs in the no- 
fin phase change unit then start to melt, leading to the fastest rising rate 
of the liquid fraction in the early stage. Even or topologized distributed 
copper fins provide effective heat transfer paths and more contacting 
areas between the heat source and PCMs. Thermal energy is able to 
transfer to the PCM domain and store as latent heat in the PCMs, 
resulting in the lower liquid fraction in the early stage. More thermal 
energy is stored over the whole PCM domain with elapse of time. The 
liquid fractions of PCMs exhibit a pronounced increase in phase change 
units with metal fins. Conversely, the thermal buoyancy, which is a 
function of density and temperature of the PCMs, causes a greater flow 
of high-temperature liquid PCMs to the upper part of the domain. Which 
is adverse to the melting of solid PCMs in the bottom part. The rate of 
increase in the liquid fraction of PCMs gradually declines over time. The Fig. 3. Mesh independence test of the built model.
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bottom part evolves into a “dead zone”, wherein thermal conduction 
dominates heat transfer. This zone has a markedly detrimental impact 
on the phase change heat transfer of PCMs. Although evenly distributed 
fins could enable to mitigate this issue, there still appears a noticeable 
“dead zone” in the even-fin case as time continues to rise.

Correspondingly, nearly no “dead zone” can be found in the top-fin 
case, indicating that topologized fins are more efficient to improve the 
heat transfer during the later stage of melting for phase change units in 
contrast to no-fin or even-fin cases. It is calculated in Fig. 6(c) that the 
no-fin phase change unit requires 71.258 min to complete the melting 
process. Whereas, the total melting time is reduced to 44.057 and 
33.648 min for the even-fin and top-fin cases, with corresponding time 
saving ratios of 0.382 and 0.528, respectively.

It is found in Fig. 6(d) that the average temperatures of PCM in phase 
change units with fins (even-fin and top-fin cases) are lower than that in 
the no-fin phase change unit. This is due to the fact that the metal fins 
functioning as effective heat transfer paths are capable of evenly dissi
pating thermal energy to PCMs. In initial stage, PCMs primarily store 
thermal energy in the form of sensible heat, resulting in a reduction in 
liquid fractions of PCMs within the fin phase change units in comparison 
to those observed in the no-fin phase change unit, as illustrated in Fig. 6

(b). It is further discovered that liquid fraction of PCM in the no-fin 
phase change unit shows a remarkable increase over time. This is due 
to the limited heat transfer between the heat source and PCMs under the 
no fin condition. The rise in average temperature of the liquid PCM can 
be attributed to the phenomenon of overheating. The mean temperature 
of the PCM in the top-fin phase change unit is lower than that of the PCM 
in the even-fin phase change unit, which can be attributed to the more 
rational and effective layout of metal fins.

3.3. Nonuniform topology fins

Natural convection induces the flow of liquid PCMs upwards, 
thereby forming two distinct temperature zones: a high-temperature 
upper zone and a low-temperature bottom zone occurred in the no-fin 
and even-fin phase change units. The temperature difference increases 
with elapses of melting time, which has apparent negative effect on the 
melting of PCM. Five nonuniform topology fins are designed (Fig. 7) 
with the objective of achieving a balance between the dynamic natural 
convection and thermal conduction during the PCM melting process. 
Liquid fraction of various phase change units is plotted in Fig. 7. It is 
detected that nonuniform layouts of copper fins enable to exert diverse 
influence on liquid fraction of PCMs, contingent on the value of the 
parameter n. The larger n produces higher liquid fraction of PCMs in the 
initial stage of melting. This observation can be attributed to the fact 
that the placement of fewer copper fins in the upper part of the phase 
change units is beneficial to convection.

The synthetic effects of conduction and convection result in a nearly 
identical liquid fraction of PCMs in the middle stage of melting with the 
elapse of time. More tensive thermal conduction is formed in the bottom 
of phase change units as a consequence of more copper fins installed 
under the larger n condition. Consequently, the solid PCMs situated at 

Fig. 4. Model verification between simulation and experiments.

Fig. 5. Configuration of phase change units with topologized copper fins.

Fig. 6. Performance of phase change units with and without fins. (a) Phase change unit configuration; (b) liquid fraction, (c) Melting time saving and (d) Average 
temperature of PCM.
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the bottom part of the phase change units will melt at a faster rate in the 
larger n case, resulting in an increase in the liquid fraction of PCMs upon 
the end of the melting process.

Actually, there also appears varying degrees of “dead zone” in Fig. 7, 
which is primarily attributed to the discrepancy between enhancement 
to thermal conduction in bottom part and enhancement to convection in 
the upper part generated from topologized fins. It is determined that the 
“dead zone” firstly decreases and then increases with the augment of 
parameter n. The optimal melting performance is achieved when the 
parameter n is set to 1.0, saving approximately 6.715 % and 23.626 % 
melting time compared to the conventional uniformed top-fin case (n =
0) and even-fin case. The investigation will continue to proceed with the 
non-uniform topology structure (n = 1.0).

Fig. 7(b) indicates the average temperature of PCM in the phase 
change units. It is observed that the average temperature of PCM almost 
remains unchanged with the variation of n in the early stage (t < 17 
min). Only the phase change unit with a nonuniform topologized 
structure (n = 2.0) exhibits slight lower average temperature of PCM 
than the other cases. This is attributed to the thermal convection in the 
upper part enhanced by the nonuniform topologized structure (n = 2.0), 
achieving a lower temperature rise of PCM compared to the slighter 
nonuniform topologized structures. As a consequence of weakened 
thermal conduction in the upper part of the phase change units with 
larger n, the melted PCMs will become overheated in the subsequent 
stage (t > 17 min) which then leads to increase of the average 

temperature of PCM. Fig. 7(b) also demonstrates that average temper
atures of PCMs in the phase change units integrated with nonuniform 
topologized structures (n = 0.5 and 1.0) are nearly consistent as a result 
of the balance between thermal conduction and convection.

Phase change contours of phase change units integrated with various 
nonuniformly topologized fins are displayed in Fig. 8. It is revealed that 
nonuniform topologized fins have the capacity of accelerating the PCM 
melting in the vertical direction, with slowdown in PCM melting in the 
horizontal direction. This sight is driven by the nonuniform layout of 
copper fins under various parameter n (n > 0). Less copper fins in the 
upper part weaken the thermal conduction, while promoting the natural 
convection of liquid PCMs. Copper fins are inclined to place in the low 
position within the phase change units, according to the uneven heat 
source. The volume of copper fins rises as the depth of phase change 
units increases. The presence of more copper fins in the bottom part of 
the phase change units serves to reinforce the process of thermal con
duction, while simultaneously limiting the natural convection of the 
liquid PCMs. It is particular that PCMs in the bottom part of the phase 
change unit melt fastest in the case of parameter n = 1.0, achieving near- 
simultaneous total melting with the PCMs in the upper part.

Fig. 9 exhibits temperature contours and velocity contours of phase 
change units. It is determined that nonuniform fins generate an unequal 
distribution of temperature across the solid PCMs within the phase 
change units during the initial and intermediate stages of melting. This 
aforementioned unevenness of temperature increases with augment of 

Fig. 7. Liquid fraction of phase change units with various nonuniform topologized fins.

Fig. 8. Phase change contours of phase change units with nonuniform topologized fins.
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the parameter n. However, more liquid PCMs are formed with elapse of 
time, thereby producing a more intensive natural convection as evi
denced by the velocity contours. The velocity of PCMs is observed to 
increase in phase change units with a higher parameter n. Enhancement 
in natural convection is favorable to the melting of PCMs, resulting in a 
lower temperature compared to the uniform topology fin case. It can 
therefore be concluded that non-uniform topology fins have an obvious 
impact on the thermal conduction and convection of PCMs.

3.4. Fin volume

Performance of the top-fin phase change units is found to vary in 
accordance with the fin volume (θ), as illustrated in Fig. 10. It is iden
tified that more copper fins are introduced into the phase change units 
with augment of the fin volume, which effectively benefits heat transfer 
of incorporated PCMs. Fig. 10(b) shows that enhancement in liquid 
fraction of PCMs is predominantly concentrated in the middle and late 
stages of melting. This can be attributed to the enhancement of thermal 
conduction and the reduction of natural convection when more metal 
fins are integrated into the phase change units.

The total melting time is reduced from 41.693 min in the fin volume 
case of 0.1 to 33.648 min and 30.85 min in the fin volume case of 0.2 and 
0.3, representing saving of approximately 19.296 % and 26.007 % in 
total melting time. The maximum temperatures of PCMs increase with 
augment of the fin volume, as illustrated in Fig. 10(d). It is specifical that 
the phase change unit with a fin volume of 0.1 exhibits a prolonged 
“dead zone”, necessitating a longer time for complete melting. The 
absorbed more thermal energy results in rapid increase in temperature 
of PCMs, which in turn demonstrates the highest maximum tempera
tures of the PCMs. Conversely, an increase in fin volume results in a 
more complex tree-branch structure of the topology fins, creating more 
contacting surface between fins and PCMs. A notable restriction is then 
imposed on the flow of liquid PCMs. The maximum velocity of PCM 
decreases with the augment of the fin volume accordingly. Fig. 10(f) 
exhibits phase change contours and velocity contours of phase change 
units. The phase change of PCM is observed to accelerate the melting in 
the vertical direction, with the increase of fin volume. The fins 
strengthen the heat conduction process, shorten the melting time, and 
gradually reduce the dead zone, so that the PCM in the region is almost 

completely melted at the same time. Velocity contours prove that the 
increase in fin volume limits natural convection and decreases the 
maximum velocity of PCM.

3.5. Tube-shell ratio

Performance of top-fin phase change units is assessed under various 
tube-shell ratios (ε). The volume of the copper fin is fixed at 0.2 in all 
cases, as indicated in Fig. 11(a). It is determined that there is a direct 
correlation between the tube-shell ratio and the PCM content loaded in 
the phase change units. A higher tube-shell ratio implies a less PCM 
content in the phase change unit, which leads to a faster PCM melting 
rate and a larger liquid fraction of PCM. The phase change unit requires 
49.974 min to complete the melting of PCM at the tube-shell ratio of 0.2. 
The total melting time separately decreases to 33.648 and 24.373 min 
when the tube-shell ratios of phase change units rise to 0.3 and 0.4. The 
shortest melting time of merely 18.408 min is observed in the phase 
change unit with the largest tube-shell ratio of 0.5. It is further obtained 
that the time saving ratio substantially increases with augment of the 
tube-shell ratio, demonstrating approximately 32.699 %, 51.229 % and 
63.165 % reduction in total melting time in contrast to the tube-shell 
ratio case of 0.2. Both the maximum temperature of PCM and 
maximum velocity of liquid PCM are found to generally increase with 
growth of the tube-shell ratio. These findings are attributable to the 
enhanced heat transfer and natural convection of PCMs under the larger 
tube-shell ratio. As shown in the phase change contours and velocity 
contours of phase change units in Fig. 11(f), with the increase of the 
tube-shell ratios, the liquid fraction of PCM increases significantly, and 
the melting rate is significantly faster. When ε = 0.5, most areas have 
been melted in 15 min.

3.6. Heat flux

Fig. 12 elaborates the performance of top-fin phase change units as a 
function of the heat flux (q). An elevated heat flux from the heat source 
signifies a greater transfer of thermal energy to the phase change units, 
thereby markedly accelerating the phase transition of PCMs. Meanwhile, 
natural convection of liquid PCMs on the driven of thermal buoyancy 
will evolve into more intense under higher heat flux, which is positive to 

Fig. 9. Temperature and velocity contours of phase change units with nonuniform topology fins.
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the melting of PCM. It is established that the total melting time is sharply 
reduced from 64.917 min in the top-fin phase change unit with the heat 
flux of 2500 W/m2 to 33.648 min, 23.121 min and 17.791 min in top-fin 
phase change units with the heat fluxes of 5000, 7500 and 10,000 W/ 
m2, respectively. The corresponding time saving ratio demonstrates a 
notable increase as the heat flux continues to rise. Enhancement of 
48.168 %, 64.384 % and 72.594 % is calculated in time saving ratio 
compared to the lowest heat flux case (q = 2500 W/m2), as indicated in 
Fig. 12(c). Fig. 12(d) indicates that the highest maximum temperature of 
PCM is reached in the case of largest heat flux, due to the greatest ab
sorption of thermal energy by the phase change unit. An increase in heat 
flux results in a greater flow of liquid PCMs within the melted zone of the 
phase change unit. This is reflected in the observation that the velocity 
of PCM rises with an increase in heat flux, as illustrated in Fig. 12(e). 

Fig. 12(f) exhibits phase change contours and velocity contours of phase 
change units. With the increase of heat flux, the liquid fraction of PCM 
increases, and more heat accumulates in the phase change unit. More
over, natural convection obviously accelerates the melting rate of PCM 
and shortens the total melting time of PCM.

4. Conclusions

This paper presents a design of non-uniform topology fin structures 
for improving thermal performance of LHTES system. The topology 
domain is established based on a density-based topology optimization 
methodology in a rounded rectangle phase change unit, with a heat 
source varying in accordance with the temperature trend along the 
vertical direction. The numerical model is solved by the FEM and 

Fig. 10. Performance of top-fin phase change units with various fin volumes.
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verified with experimental determination. Several conclusions drawn 
from this investigation are listed as follows: 

(1) The uneven heat source in the topology optimization induces 
production of tree-like fin structure. The nonuniform copper fins 
becomes more pronounced as the parameter n rises. More metal 
fins are placed in the bottom part, which enables to reduce the 
“dead zone” in the bottom corners of the phase change units with 
no fins or even fins.

(2) The non-uniform structure intensifies phase change heat transfer 
of PCMs, saving approximately 52.78 % and 23.62 % in total 

melting time compared to the no-fin and even-fin cases. Heat 
transfer also becomes homogenized, with the lowest average 
temperature observed in the topology phase-change unit.

(3) The phase change unit with nonuniformly topology fins (n = 2) is 
identified to express fastest melting rate and lowest average 
temperature of PCMs. The balance between thermal conduction 
and convection leads to remarkable variation in heat transfer at 
the initial and final stages of PCM melting.

(4) The PCM melting is significantly accelerated by an increase in fin 
volume, tube-shell ratio and heat flux. Rising the fin volume 
benefits the uniform melting process, leading to lower maximum 

Fig. 11. Performance of top-fin phase change units with various tube-shell ratios.
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temperature and average temperature of PCM. Increasing the 
tube-fin ratio and heat flux establishes higher maximum tem
perature and average temperature of PCM.

In conclusion, this paper reveals the heat transfer performance of the 
phase change units enhanced by the nonuniform topology optimization. 
Obtained findings could facilitate the advancement of high-efficient 
phase change system suitable for deployment in energy fields.
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