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A B S T R A C T   

It is a central challenge for energy self-supplied underwater vehicles converting the huge ocean 
thermal energy to electrical energy effectively. However, the energy storage efficiency of ocean 
thermal energy storage (OTES) unit limits the conversion efficiency. Fins are proposed for OTES 
unit to improve energy storage efficiency in this paper. Firstly, this paper develops a non- 
stationary model of solidification heat transfer for OTES unit and uses FLUENT to accomplish 
its numerical analysis. Then, the influence of radial fin and fractal fin on the solidification 
behavior of phase change material (PCM) are compared. Finally, several fractal fins with different 
fractal levels, bifurcation angles and ambient temperature are analyzed for the evolution of the 
liquid phase rate and temperature distribution of PCM. The results show that fractal fins can 
reduce the solidification time of PCM by 34.46% compared with radial fins. Furthermore, the 
solidification rate of PCM can be improved by increasing the number of fractal levels and 
choosing a proper bifurcation angle. However, the solidification behavior of PCM changes slightly 
when the fractal level increases to 3. The bifurcation angle of 90◦ is appropriate for practical 
applications. Furthermore, keeping the temperature difference above 10K can achieve faster 
solidification.  

Nomenclature 

cp Specific heat 
g Liquid phase ratio 
H/h Enthalpy 
k Thermal conductivity 
L Latent heat 
ln Length of fins 
N Scale factor of the fins 
r Polar diameter 
ri Inner radius of inner tube 
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ro outer radius of inner tube 
Ri Inner radius of outer shell 
Ro outer radius of outer shell 
Rc Coupled heat exchange boundary 
Tref Initial reference temperature 
Ts Solidification temperature 
Tl Melting temperature 
Tf Fin temperature 
Tp Phase change material temperature 
Tw Heat exchanger tube wall surface temperature 
ν Kinematic viscosity 
wn Width of fins 

Greek Alphabets 
α Bifurcation angle 
β Coefficient of thermal expansion 
ρ Density 
τ Polar angle 

Subscripts 
c coupling 
f metal fins 
i inner 
l liquid 
n fractal level 
o outer 
p phase change material 
s solid 
w wall 
mush mushy zone 
ref initial reference state 

Abbreviations 
OTES Ocean Thermal Energy Storage 
PCM Phase Change Material  

1. Introduction 

The ocean cover 71% of the earth’s surface and contain abundant resources. Consequently, it is crucial for the sustainable 
development of humanity to explore and develop ocean resources [1,2]. Ocean observation and development are inseparable from 
underwater vehicles, such as buoys. Underwater vehicles are normally powered by batteries with a certain capacity, which limits their 

Fig. 1. Ocean thermal power generation system based on solid-liquid phase transition.  
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autonomy and working time [3,4]. As buoy operations become increasingly difficult, energy supply becomes a bottleneck limiting 
deep-water observation and operation [5]. Many scholars solve this problem by using an ocean thermal energy conversion technology, 
which based on solid-liquid phase transformation [6,7]. This technology’s operating principle is illustrated in Fig. 1. This technology 
can cause the volume change of PCM in OTES unit by using temperature difference between ocean surface and deep sea [8]. The ocean 
heat captured in this process can be stored by an electromechanical system [9,10], where the OTES unit is the most significant unit, and 
its storage efficiency affects the energy supply of the entire equipment. Among them, Webb [11] et al. applied ocean thermal energy 
conversion technology to SLOCUM and transformed SLOCUM into an underwater thermal glider. NASA’s Jet Propulsion Laboratory 
has joined forces with several units to develop a new unmanned submersible powered by ocean thermal energy, which can replenish its 
batteries with roughly 1.6 W · h of energy in a single section movement [12]. 

The PCM used in the OTES unit, such as paraffin, which has a higher latent heat of phase change and thermal expansion rate 
typically. On the other hand, PCM has a low thermal conductivity. Pure liquid PCM has a substantially lower thermal conductivity than 
pure solid PCM, which resulting long phase change time of PCM and the low energy storage efficiency of OTES unit. It can be observed 
that reducing the solidification/melting time of PCM is the key to enhance the storage efficiency of OTES unit. Currently, there are two 
main methods to quicken the slow heat transfer rate of the PCM phase change. One is using composites of pure paraffin mixed with 
high thermal conductivity materials as the working medium, such as foam metal, graphite mixed with paraffin [13,14], and the other is 
to add thermal conduction structures for the energy storage units, like fins [15,16]. 

The structure, size, and distribution type of the fins all have an impact on the PCM’s heat transfer performance. As a result, 
optimizing the fin structure, size, and other factors has become critical to enhance the OTES unit’s energy storage efficiency. Abdu 
Lateef et al. [17] has summarized the application status of embedding fins onto PCM in previous study. They investigated the effect of 
fin shape and dimensionless number on the heat transfer properties of PCM and concluded that the radial fin structure is the most 
effective way to improve PCM heat transfer. Tay et al. [18] used Computational Fluid Dynamics (CFD) technology to compare and 
analyze the impact of the needle structure and the fin structure on the solidification process of the phase change thermal energy storage 
system, and discovered that the fin structure was more beneficial to PCM solidification than the needle structure. Juan Duan et al. [19] 
evaluated the heat transfer enhancement effectiveness of many spiral fins and longitudinal fins, and indicated that spiral fins solidify 
74.13% faster than longitudinal fins. Rozenfeld et al. [20] used spiral fins in a thermal energy storage unit, performed mathematical 
modeling for the unit, and tested the model’s correctness. Al-Abidi et al. [21,22] considered the number, length, and thickness of the 
fins, and studied the influence of internal fins on the solidification process in the heat exchanger. Hosseini et al. [23] investigated the 
solidification of a latent heat storage system with longitudinal fins, pointing out the influence of fin height and the number of stefan on 
PCM solidification. Their results revealed that raising the fin height could significantly reduce solidification time. Increasing the 
number of stefan, on the other hand, accelerates the vortex generating speed induced by the fins. Zhao, M et al. [24] used numerical 
simulation methods to optimize the topology of the radial fins. The results showed that the model after topology optimization had a 
70% reduction in heat storage time and an 81% reduction in heat release time compared with the model before optimization. Scia-
covelli et al. [25] innovatively proposed tree-shaped fins for the PCM latent heat storage system and optimized the shape of the 
tree-shaped fins. The system was evaluated by using the CFD model and response surface method. Moreover, the results showed that 
the storage efficiency of the optimized system increased by 24%. Zhang, C et al. [26] designed a latent heat storage unit based on the 
fractal theory, studied the transient temperature distribution and the evolution of the solid-liquid interface, and proposed an 
appropriate length ratio and width index for the fin structure. 

Fig. 2. Prototype of underwater vehicle and energy storage unit of previous work.  
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According to the existing surveys, altering the kind of fin structure and adjusting the fin size can assist to enhance the PCM’s heat 
transfer rate. However, the related research had never been done in the field of ocean thermal energy conversion. In addition, only the 
finless shell-and-tube structure was applied as the OTES unit in the underwater vehicle with experiments in Wang et al.‘s work [27]. 
The prototype of underwater vehicle and the energy storage unit used in the experiment are shown in Fig. 2. The underwater vehicle’s 
navigation speed will be reduced when throughout the ocean thermal energy conversion phase, which ensuring the full conversion of 
ocean thermal energy in practical applications. However, it was found that the finless shell-and-tube OTES unit had a negative impact 
on the energy conversion efficiency of the whole device in the experiment. Furthermore, the sample time of an underwater vehicle 
outfitted with OTES unit was significantly longer than that of a standard underwater vehicle, which would reduce the underwater 
vehicle’s efficiency drastically. As a result, the fins are added to the OTES unit in this paper, and n-hexadecane is used as PCM to study 
the solidification process. Five different fin models are built, and the solidification of PCM in fin-enhanced OTES unit is investigated by 
using a combination of numerical simulation and FLUENT software. The authors concentrate on the impacts of the fractal level, 
bifurcation angle and the ambient temperature on the OTES unit’s energy storage efficiency. 

2. Physical model and numerical methods 

2.1. Description of the OTES unit 

The OTES unit includes a shell and tube heat exchanger, which consists of a metal outer shell and a rubber inner tube. The PCM is n- 
hexadecane, which is placed in the cavity between the outer shell and the inner tube. Hydraulic oil is stored in the inner tube as the 
working medium of the electromechanical system. The solidification heat transfer performance of five models are studied in this paper 
under the condition that a specific PCM mass is guaranteed. Moreover, the volume ratio in the model with fins is around 10%. Because 
OTES unit is vertically positioned in the water, the vertical change trend of each cross-section is assumed the same [21,28]. The 
detailed parameters of the metal, rubber and PCM are shown in Table 1. 

The physical models studied in this paper are shown in Fig. 3. Model-1 has no fins; Model-2 has four radial fins; Model-3 has 1-level 
fractal fins; Model-4 has 2-level fractal fins; and Model-5 has 3-level fractal fins. The computational domain is a ring-shaped closed 
zone where the PCM is stored. The detailed fin structure displays the fractal fin geometry parameters. 

The outer shells and inner tubes of the above five models have the same dimensions and materials. Among them, the material of 
inner tubes is Nitrile rubber, while the outer shells and the fins are manufactured by 3D printing technology with the material of 
Aluminum alloy. The inner tube has an inner radius ri of 17 mm and an outer radius ro of 15 mm. As well as the inner radius Ri and the 
outer radius Ro of the outer shell is 50 mm and 60 mm separately. The initial value of the bifurcation angle α for each level is 90◦.The 
dimensions of the fins models obtained by equation (1). 

ln+1/ln =wn+1/wn = N (1)  

where ln is the length of the n-level fins; wn is the width of the n-level fins; N is the scale factor of the fins with an initial value of
̅̅̅
2

√
/2. 

Other dimensional parameters are shown in Table 2. 

2.2. Mathematical modeling and numerical approach 

The purpose of the study is to investigate the influence of fin types and corresponding configurations on the solidification heat 
transfer performance of PCM in the OTES unit. Furthermore, the literature [26] has demonstrated that the solidification process of 
PCM is an unstable heat conduction problem, where the heat transfer exists not only between the shells and the fins but also between 
the fins and the PCM. The following assumptions are adopted to simplify the heat transfer model with an unstable heat release process:  

(1) Within an OTES unit, PCM can appear in three states: solid state, liquid state, and solid-liquid two-phase mushy zone [26];  
(2) The laminar flow model is used to solve the phase change process of PCM, which is a low velocity unsteady and incompressible 

flow process; 
(3) Ignore the influence of natural convection on the solidification process, because the flow velocity caused by the density dif-

ference between different phases of PCM is very small;  
(4) Ignore the heat transfer resistance of the heat exchange tube wall, because there is almost no heat loss on the heat exchange tube 

wall in actual engineering. 

Based on physical models, a two-dimensional transient heat transfer model is proposed as shown in Fig. 3, using the enthalpy 

Table 1 
Thermo-physical properties of N-hexadecane [29], Aluminum alloy and Nitrile rubber.  

Parameter Unit N-hexadecane Aluminum alloy Nitrile rubber 

Density [ρs/ ρl] kg/m3 864/776.3 2703 999 
Specific heat [cps/ cpl] kJ /(kg ·K) 1.64/2.09 0.963 1.97 
Thermal conductivity [ks/ kl] w /(m ·K) 0.313/0.140 180 0.25 
Latent heat [L] J/kg 236000 – – 
Melting temperature [Ts/Tl] K 289.15/291.15 – – 
Kinematic viscosity [ν] m2/s 4.46 × 10− 6 – – 
Volume expansion coefficient [β] 1/K 0.89 × 10− 3 – –  
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method, which is often utilized to calculate the solidification/melting process. This method takes the temperature and enthalpy of the 
PCM as solution variables, unifies the entire zone (including the solid phase zone, liquid phase zone, and two-phase mushy zone), 
establishes an energy equation to find the enthalpy distribution, and calculates the node temperature based on the relationship be-
tween enthalpy and temperature. The following is the unified energy equation: 

∂(ρH) / ∂t= k
[
∂2T

/
∂r2 + 1 ·

(
∂2T

/
∂τ2) / r2] (2)  

where H represents the total enthalpy per unit volume of the PCM; ρ, k represents the material density and thermal conductivity, r andτ 
represent the polar diameter and the polar angle in cylindrical coordinates respectively. 

The enthalpy of the solid phase zone, liquid phase zone, and mushy zone are different for the PCM. The enthalpy of the solid phase 
zone and the mushy zone only contains sensible heat h, but the enthalpy of the liquid phase zone and the mushy zone has both sensible 
and latent heat ∇h. The following are the equations for the enthalpy of the solid and liquid phase: 

hs =

∫ T

Tref

cpsdT (3)  

hmush =

∫ Ts

Tl

cpmushdT +∇hmush (4)  

hl =

∫ T

Tl

cpldT +∇hl (5)  

where hs, hmush, hl, cps, cpmush andcpl represent the enthalpy and specific heat capacity of the solid phase zone, liquid phase zone, and 
mushy zone respectively.Tref , Ts andTl represent the initial reference temperature, PCM solidification temperature, and PCM melting 
temperature respectively. 

The liquid phase ratio g is introduced to express the volume ratio of the PCM in the mushy zone, whereg is defined as: 

g=

⎧
⎨

⎩

0 T < Ts
(T − Ts)/(Tl − Ts) Ts⩽T < Tl
1 T⩾Tl

(6) 

Fig. 3. Physical models for the present study: (a) the model without fins; (b) the model with radial fins; (c) the model with 1-level fractal fins; (d) the model with 2- 
level fractal fins; (e) the model with 3-level fractal fins; (f) computational domain of the OTES unit; (g) detailed explanation of fractal fin structure parameters. 

Table 2 
Physical model parameters.  

Parameter l0/mm l1/mm l2/mm l3/mm w0/mm w1/mm w2/mm w3/mm 

Model-2 12.00 – – – 4.00 – – – 
Model-3 8.00 5.66 – – 3.00 2.12 – – 
Model-4 8.00 5.66 4.00 – 2.00 1.40 0.98 – 
Model-5 6.00 4.20 3.00 2.10 2.00 1.40 0.98 0.71  
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Given the liquid phase ratio, the enthalpy expression can be unified into an equation as the following: 

h=
∫ T

Tref

cpdT + g · ∇h (7)  

2.3. Boundary conditions and initial conditions 

The outer wall of the OTES unit is in touch with seawater, which is applied as the heat exchange fluid. Specifically, the heat ex-
change fluid performs convective heat exchange with the outer wall in theory, and then the temperature in the inner wall will be 
greater than that in the outer wall. The heat flux in the seawater is transferred in the radial direction of the OTES unit from the outer 
wall surface to the inner wall surface. The heat transfer resistance is overlooked in this study due to the thinness of the heat transfer 
wall; therefore, the outside wall is simplified to a constant temperature condition as follows: 

r=Ro; T|r=Ro
= Tw (8)  

where Tw represents the temperature of the outer wall. 
The inner wall surface of the OTES element is approximated as an adiabatic boundary in order to simplify the model, which 

described by the following equation. 

(∂T/∂r)|r=Ri
= 0 (9) 

The solid-liquid interface has a coupled heat transfer boundary that ensures temperature and heat flow continuity, which has the 
following mathematical expression: 

Ts|r=Rc
=Tl|r=Rc

(10)  

− ks(∂Ts/∂r)|r=Rc
= − kl(∂Tl/∂r)|r=Rc

(11)  

where ks andkl represent the thermal conductivity of the PCM solid phase zone and liquid phase zone respectively. Rc represents the 
coupled heat transfer boundary. 

The contact surface between the fins and the phase change material is also coupled heat transfer boundary. It has the following 
mathematical expression: 

Tf
⃒
⃒

r=Rc
=Tp

⃒
⃒

r=Rc
(12)  

− kf
(
∂Tf

/
∂r
)⃒
⃒

r=Rc
= − kp

(
∂Tp

/
∂r
)⃒
⃒

r=Rc
(13)  

where Tf , Tp, kf , kp represent the temperature and thermal conductivity of the coupling boundary between the fin and PCM. 
The fin and PCM reach thermal equilibrium at the initial moment. In addition, the temperature in the entire calculation domain 

remains unchanged, which has the following mathematical expression: 

T(r, τ, T)|r=0 = Tref (14)  

Fig. 4. Independence verifications: (a) model meshing; (c) grid number comparison analysis; (b) time step comparison analysis.  
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3. Numerical verification and validation 

3.1. Independence validations of grid and step time 

Based on the enthalpy method, this paper solves the phase change process for the OTES unit by using the transient solidification/ 
melting model, which in the FLUENT2021 software. The calculation method uses SIMPLE pressure-velocity coupling algorithm and 
coupled heat transfer to solve the energy equation. The convection term of the energy equation is discretized using a second-order 
upwind scheme, and the under-relaxation factors of density, pressure and momentum are 1.0, 0.2 and 0.9 respectively. 

The changes in the solidification end time of PCM are compared under the conditions of four grid numbers and four step time to 
verify the independence of the numerical calculation method. As presented in Fig. 4(a), a quadrilateral mesh is used to partition the 
model. The grid consists of two zones: one is the thermally conductive metal zone, which is divided by a fine grid because of the large 
temperature gradient in this zone; the other is the zone composed of PCM, which is divided by a coarse grid. The number of grids and 
time steps of the OTES unit with fractal fins (Model-4) are independently validated. 

Firstly, the grid configurations are independently verified by setting the grid sizes to 0.1 mm, 0.5 mm, 1 mm and 2 mm in suc-
cession, while 156359, 105701, 67637 and 16634 are the matching numbers of grids. The time step keeps at 1s in this period. Fig. 4(b) 
reflects the solidification end time varying with the grid number. When the number of grids is larger than 60000, the result reveals that 
the inaccuracy keeps within 0.28%. Therefore, the accuracy of the data can be guaranteed if the number of grids exceeds 60000 in this 
case. Considering the operating conditions of the computer, the grid number 105701 is used here. Then the grid is divided into cells 
with a cell size of 0.5 mm to search the effect of different time steps. Four different time steps (0.5s, 1.0s, 1.5s and 2.0s) are selected in 
this study. As demonstrated in Fig. 4(c), when the time step lager than 1s, the solidification end time changes negligible. In order to 
save time, 1s is chosen as the time step for the numerical simulation. 

3.2. Model verification 

The simulation results are compared with available experimental data from Ismail et al. [28] in order to assess the feasibility of the 
methods used in this paper. In the simulation, the same parameters and boundary conditions as in the literature are utilized, and the 
PCM’s starting temperature is 338.15K. The metal inner tube’s inner wall is kept at a constant temperature. Fig. 5 represents the 
comparison graphs of the existing method and present method. The curves in this figure show the position of the PCM phase transition 
intersection at different times (30min, 60min and 90min). According to Fig. 5, it can be seen that the maximum error between the 
experimental results and the simulation results is less than 5%. Considering the heat loss reported in the literature, the simulation 
method used in this study is better and feasible. 

4. Results and discussion 

4.1. Analysis of solidification energy storage process 

The evolution of the PCM liquid phase rate (left part) and average temperature distribution (right part) of Model-1, Model-2 and 
Model-3 in OTES unit are shown in Table 3. It is clear that the liquid phase change speed of the OTES unit with fins is much faster than 
that of the OTES unit without fins by comparing the liquid phase rate cloud diagrams of Model-1, Model-2 and Model-3. This indicates 
that the fin help to improve the energy storage efficiency of the OTES unit apparently. The liquid phase rate of PCM in the OTES unit is 
directly related to the geometry of the fins by comparing the liquid phase rate cloud diagrams of Model-2 and Model-3. Specifically, 
Model-2 and Model-3 here have the same solid volume but different fin types and configurations. During the early stage of solidifi-
cation, high thermal conductivity metal such as metal shells and fins directly contact and transfer heat with the PCM, and the liquid 
phase of the PCM shrinks continuously around the geometric contours of the shell and the fins. As time goes by, the thickness of the 
PCM solid layer around the shell and the fins increases. The PCM mostly relies on heat transfer between the solid and liquid layers at 

Fig. 5. Validation of the feasibility of present research methods.  
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this stage, with the liquid layer’s heat being released through the solid layer and high thermal conductivity metal. The heat exchange 
rate between the high thermal conductivity metal and the PCM decreases due to the PCM’s low thermal conductivity. In addition, the 
cloud diagrams show that the liquid areas of PCM in Model-2 and Model-3 are nearly the same in the early stages of solidification (t <
300s). It demonstrates that the similar effects of radial fins and fractal fins on PCM solidification behavior in the early stage. However, 
liquid area reduction in Model-3 is substantially higher than that in Model-2, which is apparent in the late solidification stage 
(900s–2100s). At 2100s, the PCM of Model-3 is almost completely solid, while nearly 15% of the PCM in Model-2 is liquid. Compared 
with the radial fin, the fractal fin have a better positive influence on the solidification behavior of PCM. 

The temperature distribution of PCM is shown on the right side of Table 3. The shape of the temperature distribution is similar to 
the shape of the liquid phase rate evolution. The temperature gradient of Model-1 is smaller at each step than that of Model-2 and 
Model-3 due to its finless condition, which demonstrates the importance of fins in accelerating the solidification behavior of PCM. Due 
to the different inner structures in Model-2 and Model-3, they have different actual heat transfer areas despite the same solid volume. 
The fractal fins in Model-3 are more ductile than the radial fins in Model-2, which allows the fins to extend into the PCM. Further, it 
allows the heat from the liquid PCM around the rubber inner tube to be quickly transferred through the fins, and the heat is transferred 
to the metal shell, which speeds up the solidification process. 

The variation trends of liquid phase rate and solidification end time resulting from the three models are shown in Fig. 6. The PCM in 
Model-3 has completed solidification behavior at 2330 s, while 44% and 11% of the PCM in Model-1 and Mode-2 have not yet so-
lidified respectively, which is represented in Fig. 6(a). The solidification behavior of each model is quantitatively assessed and 
compared in Fig. 6(b). In detail, the solidification end times of the three models are 9417s, 3514s and 2330s, respectively. The so-
lidification end time of Model-2 and Model-3 are significantly shorter than that of Model-1 by 62.69% and 75.26%. Furthermore, 

Table 3 
Evolution of liquid phase rate and temperature distribution of OTES unit with different fins.  

t/s Model-1 Model-2 Model-3  Model-1 Model-2 Model-3  

Liquid fraction  Temperature distribution  

60 

300 

900 

1500 

2100 

Fig. 6. Effect of fin structure type on solidification behavior: (a) computed variation of liquid fration with time; (b) solidification end time comparison.  
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Model-3 reduces the solidification end time by 34.46% than Model-2. Consequently, the fractal fins in Model-3 have better heat 
transfer performance than the radial fins in Model-2, and the adding of fractal fins can significantly increase the OTES unit’s energy 
storage efficiency. Therefore, the following will emphasize on fractal fins’ extended structure of Model-3. 

4.2. Effect of structure type, geometric parameters and environmental conditions 

Fractal levels, fin size parameters (length and width), and bifurcation angle of fractal fins all play important roles in the solidifi-
cation performance of PCM. Fractal levels, bifurcation angle and deep-sea temperature are discussed in this section independently. 

4.2.1. Effect of the fractal levels 
It’s worth noting that the dimensional parameters (length and width) of the fractal fins decreases as the fractal fin levels increases, 

while the solid volume of the fractal fin remains constant. The cloud diagrams of PCM liquid phase rate for three fractal levels (F_L = 1, 
2, 3) are presented on the left side of Table 4. In detail, the liquid phase zones of the three models are nearly identical at 60s, 
demonstrating that the fractal levels of the fins have little impact on the PCM’s liquid phase rate evolution in the early stages. However, 
in the time range of 300–1200s, the liquid phase rate of the three models have a significant variation, that is, as the number of fractal 
levels increases, the liquid phase zone of PCM shrinks faster. This phenomenon means that the PCM solidifies faster during this time 
period. And the reason is that the structure of the fractal fins spreads further to the edge of the rubber inner tube as the fractal levels 
increases. This enables the PCM to directly contact the high thermal conductivity metal fins near the rubber tube’s inner wall and 
quickly transfer its own heat through the fins. 

The temperature distribution of PCM is visibly affected by fractal levels, which is shown on the right side of Table 4. In addition, the 
PCM contains a two-phase coexistence zone (the mushy zone) during the phase change process. The latent heat of phase change is 
gradually released in this zone, and the solid-liquid boundary advances from the outside to the inside. Because the PCM with low 
thermal conductivity is regarded as equivalent thermal resistance here, the heat exchange rate from the rubber inner tube to the metal 
shell slows down due to the equivalent thermal resistance becoming larger, which is most significant in the pre-solidification and post- 
solidification periods., Therefore, the temperature changing in the mid-solidification period is negligible (around 300s). Furthermore, 
the fractal levels’ effect on the temperature distribution of PCM is particularly apparent in the post-solidification period (900–1200s). 
The reason for this phenomenon is that a certain volume of PCM is divided into more small zones by the fractal fins as the number of 
fractal levels increases. Consequently, surrounded by more fins, the equivalent thermal resistance becomes smaller, thus the corre-
sponding solidification behavior is optimized. 

The variation trends of liquid phase rate with different fractal levels is shown in Fig. 7(a). The solidification end time of PCM 
decreases as the number of fractal levels increases, which is consistent with the results shown in Table 4. The fractal levels and the 
solidification rate of PCM are not positively correlated in the early stages (t < 400s), and the PCM for the Model-3 solidifies faster than 
that for the Model-4 and Model-5 until 220s. The reason for this phenomenon is that the heat capacity, the length and width of the fins 
in Model-3 are greater than that of Model-4 and Model-5. As demonstrated in Fig. 7(b), the solidification end time for the Model-4 and 
Model-5 are significantly shorter than that of Model-3 by 35.32% and 41%. Furthermore, the 3-level fins reduce the solidification end 
time by 8.79% than the 2-level fins. Therefore, the solidification rate of PCM increases with the number of fractal fin levels, and thus 
the energy storage efficiency of OTES unit can be improved. 

4.2.2. Effect of the bifurcation angle 
In this section, the solidification behavior effect of bifurcation angle on the PCM is further explored. Five fin structures are created 

Table 4 
Evolution of liquid phase rate and temperature distribution of the OTES unit with different fractal levels.  

t/s F_L = 1 F_L = 2 F_L = 3  F_L = 1 F_L = 2 F_L = 3  

Liquid fraction  Temperature distribution  

60 

300 

900 

1200 
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with varied bifurcation angles, while the bifurcation angles, the material parameters, the dimensional parameters and the solid volume 
of each fin levels are the same, as shown in Fig. 8. 

The evolution of liquid phase rate for different bifurcation angle is shown in Fig. 9(a). The solidification rate of the five models are 
nearly identical at the early stages of solidification, so it can be considered that bifurcation angle has little effect on the solidification 
behavior here. As time goes by, the solidification rate of the PCM steadily reduces as the bifurcation angle grows with fixed step size. 
The reason for this phenomenon is that the fractal fins gradually expand to the metal shell as the bifurcation angle grows, while the 
topmost fins gradually move away from the rubber inner tube. In addition, because the PCM near the rubber inner tube is separated 
from the fins by a rather thick layer of liquid PCM, which has a lower heat conductivity than solid PCM, the PCM near the metal shell 
dissipate heat more easily than that near the rubber inner tube. Consequently, the average solidification rate of PCM become smaller as 
a whole. The solidification end time for different bifurcation angles is illustrated in Fig. 9(b). The bifurcation angles are set to 90◦, 
105◦, 120◦, 135◦ and 150◦in succession, while the PCM solidification end time is 1256s, 1325s, 1450s, 1523s and 1805s, respectively. 
Specifically, the growth rate of the PCM solidification end time are 5.49%, 9.43%, 5.03% and 18.52% as the angle gradually increases 
in step of 15◦. Furthermore, the growth rate of PCM solidification end time are all below 10% until the bifurcation angle reaches 135◦. 
However, the PCM solidification end time increases dramatically as the bifurcation angle exceeds 135◦. Consequently, the OTES unit’s 
energy storage efficiency has a negative correlation with the bifurcation angle, which is most significant when the angle exceeds 135◦. 

4.2.3. Effect of the deep seawater temperature 
Because Model-5 has the best performance to improve the storage efficiency of OTES unit than other models in the previous analysis 

m, the evolution of the liquid phase rate for Model-5 under different water temperature is shown in Fig. 10(a). In particular, the 
solidification rate of PCM decreases progressively and the solidification end time increases gradually with the water temperature 
rising. This phenomenon is caused by the difference reduction between water temperature and PCM solidification temperature as the 
water temperature rises, while the solidification temperature of PCM is fixed. Therefore, a large temperature difference between 
seawater and PCM solidification temperature can achieve better thermal drive capability and faster PCM solidification rate. In 
addition, the solidification end time of PCM under three different temperature conditions is 907s, 1256s and 2113s respectively, as 
shown in Fig. 10(b). In addition, the increase rate of solidification end time between 280K and 283K, 283K and 286K are 38.48% and 
68.23% respectively. Consequently, a considerable temperature difference is required to optimize the OTES unit’s energy storage 
efficiency, which is chosen as 10K in operation. 

5. Conclusions 

The application of fins is proposed in this paper to improve the energy storage efficiency of OTES unit. Moreover, the effects of 
finless, radial fins and fractal fins for PCM are compared on the energy storage efficiency of OTES unit. Additionally, fractal fins with 
different fractal levels, multiple bifurcation angles and various seawater temperature conditions are researched further. 

The fin structure can reduce the time needed for PCM to solidify, thus increase the OTES unit’s energy storage efficiency. Spe-
cifically, with the same volume ratio of the fins, the fractal fins reduce the solidification end time by 75.26% and 34.46% than the 
finless structure and the radial fins respectively, which have the best heat transfer performance. 

As the number of fractal levels grows, the solidification time of PCM decreases dramatically. The solidification end time is reduced 
by 35.32%, 41% and 8.79% respectively, when compared to the previous level of the model. Because fractal fins with more than 3-level 
fins are difficult to achieve for manufacture limitations, 3-level fractal fins are chosen for practical applications in this study. Besides, 
the growth rate of the solidification end time of the phase change material were 5.49%, 9.43%, 5.03% and 18.52% when the bifur-
cation angle is gradually increased in steps of 15◦. The fractal angels have a negative correlation with the OTES unit’s energy storage 
efficiency, which is most significant when the angle exceeds 135◦‘, thus 90◦ is suggested for practical applications. The difference 
between seawater temperature and PCM solidification temperature has a positive correlation with the OTES unit’s energy storage 
efficiency, and the increase in solidification end time between 280K and 283K, 283K and 286K was 38.48% and 68.23%. 

In practical applications, OTES units use 3-level fractal fins with a fractal angle of 90◦ and keep the temperature difference above 
10K, which will reach the better energy storage efficiency. 

Fig. 7. Effect of fin fractal levels on solidification behavior: (a) computed variation of liquid fration with time; (b) solidification end time comparison.  
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Fig. 8. Model diagrams of different bifurcation angles:(a)α = 90◦; (b)α = 105◦; (c)α = 120◦ ; (d)α = 135◦; (e)α = 150◦.  

Fig. 9. Effect of fin bifurcation angle on solidification behavior: (a) computed variation of liquid fration with time; (b) solidification end time comparison.  

Fig. 10. Effect of deep seawater temperature on solidification behavior: (a) computed variation of liquid fration with time; (b) solidification end time comparison.  
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