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A numerical model was established using the enthalpy-porosity approach to study the heat transfer characteristics of a shell-and-tube phase change heat exchanger filled with paraffin wax RT50. The influence of exchanger placement forms, tube diameters and fin structures on the phase change process of RT50 was analyzed. The results depicted that the vertical heat exchanger has a faster melting rate than the horizontal one as the tube diameter is large. However, the opposite results were obtained in case the tube diameter is small. For the horizontal exchanger, the heat conduction is dominant at the beginning and end of the melting process, while the natural convection plays a more important role at the intermediate stage of melting. Besides, the duration of the melting is mainly determined by the natural convection. In addition, adopting fins on the outer of the tube can significantly improve the heat transfer and therefore shorten the melting time. Compared with finless tube, the use of annular-fin tube can reduce the melting time by 31.6% mainly because of the intensifying of heat conduction, while the use of straight-fin tube can shorten the melting time by 42.1% attributed to the enhancement of both natural convection and heat conduction during the melting process.
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INTRODUCTION
The intensifying of global warming and worldwide energy crisis have forced the world to optimize the current energy structure. Nuclear power as an eco-friendly technology has already plays a significant role in promoting this energy transition and greatly alleviates the fossil fuel dependence. One of the novel options is to integrate the nuclear reactor with thermal energy storage (TES), and this coupled system can greatly improve the stability and reliability of nuclear power plants in case of accidents (Alkaabi et al., 2019; Norouzi et al., 2021). The existing TES technologies can be mainly classified into three types: sensible heat thermal energy storage (SHTES), latent heat thermal energy storage (LHTES) and thermochemical energy storage (TCES). In LHTES system, phase change materials (PCMs) are used to store or release heat within a narrow temperature change (Dutil et al., 2011) and regarded as one of the most promising energy storage technologies (Agyenim et al., 2010) due to the advantages of large energy storage density and good chemical stability (Sharma et al., 2002).
The shell-and-tube heat exchanger is widely used in the LHTES system. So far, a lot of analytical, experimental and numerical investigations have been conducted on the heat transfer performance of the phase change shell-and-tube heat exchanger. Lacroix (Lacroix, 1993) established a theoretical model to predict the transient behavior of a shell-and-tube LHTES system filled with PCM. The result showed that the common problem of PCM is owing to its low thermal conductivity, which causes the low heat transfer rate and delayed response. Blen et al. (2008) experimentally studied the melting and solidification characteristics of CaCl2.6H2O as the PCM in a vertical double concentric tube energy storage system. They investigated the influence of different designs and operating parameters, such as the number of fins in the PCM, the mass flow rate and the inlet temperature of heat transfer fluid (HTF) on the melting and solidification process. It was found that the design parameters have a more significant impact on the melting process than the operating parameters.
With the rapid development of computational fluid dynamics, the numerical investigations on LHTES have become a research hotspot. By establishing the numerical model, it is convenient to optimize the shape and size of exchangers, obtain the instantaneous solidification/melting rate of PCM and evaluate the thermal performance of LHTES system without spending a large amount of research funding (Viskanta, 2018). Lamberg et al. (2004) used the enthalpy-porosity method and an effective heat capacity method to numerically study the solidification/melting process of paraffin at low temperatures. They proved that when the natural convection is ignored, the simulation results have obvious errors. Nemati and Habibi (2021) developed an analytical and numerical analysis of RT27 solidification in partially filled spherical capsules. After validating the results, RT27 solidification in spheres with different diameters and wall temperature was simulated. In their study, the convection in the free space over the RT27 surfaces was also considered since the capsule was allowed to breathe freely. Hosseini et al. (2012) adopted a combination of experimental and numerical methods to study the buoyancy-driven convection during the melting process of paraffin wax RT50 in a shell-and-tube thermal energy exchanger. They found that an appropriate increase of inlet water temperature can effectively reduce the heat transfer time. Pahamli et al. (2016) studied the influence of parameters such as eccentricity, flow rate, and inlet water temperature on the PCM melting process through numerical simulation.
A challenge of the application of LHTES is that most PCMs have the low thermal conductivity, resulting in great obstacles to the charging and discharging processes (Guo and Goumba, 2018; Zheng et al., 2018). Therefore, various methods have been proposed including PCM encapsulation (Yu et al., 2018; Shin et al., 2019), adding fins (Gharebaghi and Sezai, 2007; Rathod and Banerjee, 2015), using metal foam (Allen et al., 2015; Ghahremannezhad et al., 2020) and high thermal conductivity nanoparticles (Ibrahem et al., 2017; Ghalambaz et al., 2021) to solve this problem. Among them, adding fins to the shell-and-tube thermal energy storage system for enhancing the heat transfer is regarded as the most common measure which has been widely used. Guo and Zhang (2008) numerically established a two-dimensional transient model to study the effects of aluminum fins, tube radius, boundary conditions and thermal conductivity of the PCM on the charge and discharge time in the LHTES. Meghari et al. (2021) carried out the CFD numerical simulations to evaluate the melting process of a PCM embedded in a spherical capsule. They adopted a thin straight circumferential fin along the capsule equator to increase the heat exchange area. The results depicted that the melting time is reduced 14 times in the case of PCM with fins compared to the configuration without fins. Zhang et al. (2020) applied the fractal-tree-shaped structure to the metal fin design of the shell-and-tube LHTES, and they found that the heat release performance was significantly improved. Sciacovelli et al. (2015) used the different tree-shaped fins to enhance the performance of the shell-and-tube LHTES. They also proposed a shape optimization strategy to improve the transient operating system.
By literature survey, the heat transfer characteristics in different phase change stages of PCM have not been deeply analyzed in LHTES system. Besides, the mechanism of heat transfer enhancement during the phase change process is also rarely mentioned. In the present work, a heat storage unit belonging to a shell-and-tube phase-change exchanger was numerically researched. By adopting the enthalpy-porosity approach, a numerical model was established to investigate the effects of heat storage unit placement forms (vertical and horizontal), tube diameters and fin structures on the heat transfer and flow behavior of PCM during its phase change process. Furthermore, the mechanism of heat transfer enhancement by natural convection was also explained for finned tube heat storage units.
MODEL DESCRIPTION
Physical Model
In previous studies, most of researchers mainly focused on the design and operating parameters of the shell-and-tube heat exchanger in LHTES, but the placement of the exchanger has received rare attention. In the present work, a heat storage unit of a shell-and-tube phase-change exchanger was investigated as the research object depicted in Figure 1, and the effects of two different placement forms on the heat storage process were compared. As shown in Figures 1A,B, the researched unit with the length of 600 mm was placed horizontally and vertically. The force of gravity is vertical downwards as indicated in the figure. The PCM fills the shell side, and the tube side was arranged in the middle of the PCM, which can be clearly observed from the cross-sectional view in Figure 1C. Paraffin wax RT50 was chosen as the PCM, and water as the HTF goes through the tube side. Table 1 list the thermophysical properties of RT50.
[image: Figure 1]FIGURE 1 | Shell-and-tube phase-change heat storage unit: (A) horizontal placement, (B) vertical placement and (C) cross-section of the unit.
TABLE 1 | Thermophysical properties of RT50 (Hosseini et al., 2012).
[image: Table 1]Besides, the dynamic viscosity of RT50 was considered temperature-dependent, and the relationship between dynamic viscosity and temperature can be expressed as:
[image: image]
where A and B are both constant, and were respectively set to 0.819 and -0.01546 (Hosseini et al., 2012).
For organic phase change materials, the thermal conductivity is usually small, which is also one of the shortcomings in LHTES applications. A common solution is to use finned tubes to enhance the heat transfer. Some studies investigated the effects of fin height as well as its spacing on heat transfer enhancement, and some researchers have already designed various fin structures to improve the heat transfer efficiency. However, most of the new fin structures are complicated and difficult to widely used. The present study adopted the two common fin structures, straight fins and annular fins, and investigated their influence on the PCM melting process. For better comparison, the same surface area and the volume were designed for both types of fins. Figure 2 and Figure 3 depict the straight-fin-tube and annular-fin-tube heat storage unit, in which the fins were installed on the horizontal heat storage tube as shown in Figure 1A. It can be seen from the cross-sectional view in Figures 2, 3, the height is 9 mm and the thickness is 2 mm for both types of fins. There are 33 annular fins with the spacing of 17 mm installed on the outer of the tube. The material for both tubes and fins is 304 stainless steel, and its thermal conductivity and density were set to be 16.2 W m−1·K−1 and 7,930 kg m−3, respectively.
[image: Figure 2]FIGURE 2 | The shape and dimensions of the straight-fin-tube heat storage unit.
[image: Figure 3]FIGURE 3 | The shape and dimensions of the annular-fin-tube heat storage unit.
Numerical Model
In order to simplify the numerical model, the following hypotheses were proposed: 1) The shell side of the heat storage unit was regarded as adiabatic due to the good thermal insulation. 2) The natural convection was considered during the melting of PCM. As mentioned by some studies (Sarı and Kaygusuz, 2002; Dhaidan et al., 2013; Yazici et al., 2014), the convective heat transfer cannot be neglected during the phase-change heat storage process. 3) Both the water and PCM have uniform and isotropic thermophysical properties. 4) The thickness of the tube and the fin was also considered in this paper.
For the solution of the phase-change process, the enthalpy-porosity method (Brent et al., 1988; Gong et al., 1999) has been widely used, and the phase interface can be determined by solving the enthalpy distribution. The governing equations include continuity equation, momentum equation and energy equation as below.
Continuity equation:
[image: image]
Momentum equation:
[image: image]
Energy equation:
[image: image]
where hsens is the sensible enthalpy, which can be expressed as:
[image: image]
And the latent enthalpy hlat can be written as follows:
[image: image]
where L is the latent heat of the material, and λ can be definned as:
[image: image]
In Eq. 3, the source term [image: image] is the Darcy’s law damping terms which are added to the momentum equation due to phase change effect on convection, and can be calculated as the following equation:
[image: image]
Amush is mushy zone constant, which is usually taken between 104–107. In the present study, it was set to 106. Besides, the constant [image: image] is a small number to prevent division by zero.
Boundary and Initial Conditions
The initial temperature of the PCM T0 was set to 25°C, and the inlet temperature Tf,i and velocity v of the HTF are respectively 70°C and 0.044 m/s. In addition, the outer surface of the shell side was assumed to be insulated.
Computational Methodology and Validation
The governing equations were solved by the commercial CFD code ANSYS Fluent 19.2. The Semi-Implicit Pressure-Linked Equation (SIMPLE) algorithm (Patankar, 2018) was employed to solve the pressure-velocity coupling equations, and the PRESTO scheme was adopted for the pressure correction equation. Besides, the number of mesh grids and time step independence validations were also performed. As illustrated in Figure 4, the numerical results have an acceptable accuracy as the number of mesh grids exceeds 272,000 and the time step is lower than 0.2 s. Therefore, the grid number of 272,000 and the time step of 0.2 s were used in the present simulation in order to reduce the computational cost. In addition, the residual errors were set to 10−6 for the energy equation and 10–5 for other variables.
[image: Figure 4]FIGURE 4 | Independence validations on (A) grid number and (B) time step.
In order to validate the numerical model established in the present study, the average temperature profile in the PCM was compared with the experimental results obtained from Hosseini et al. (Hosseini et al., 2012). As shown in Figure 5, good agreement can be observed, and the temperature deviation is within 5%.
[image: Figure 5]FIGURE 5 | Comparison of the average temperature profile in the PCM obtained from the present numerical model against the experimental results from Hosseini et al. (Hosseini et al., 2012).
RESULTS AND DISCUSSION
Effects of the Heat Storage Unit Placement Forms on the Phase-Change Process
The effects of the unit placement forms on the phase-change process were investigated. Figure 6 depicts the variation trends of liquid fraction versus time for the vertical and horizontal heat storage units at different tube diameters. It can be found that the vertical heat storage unit has a higher melting rate than the horizontal one when the tube diameter is larger. However, the opposite results were obtained at the smaller tube diameter as shown in Figure 6B. In terms of melting time, the phase change process in the vertical heat storage unit was greatly affected by the tube diameter (i.e. the thickness of the PCM). Besides, compared with the vertical heat storage unit, the PCM melting process is more complicated in the horizontal one, which can be divided into three stages according to the dominant heat transfer: the conduction-led stage in the initial period, the convection-led stage in the intermediate period and the conduction-led stage in the final period. Figure 7 shows the profiles of velocity and liquid fraction on the middle cross-section of the horizontal heat storage unit. Combined with Figure 6A, the three stages during the PCM melting process can be further analyzed.
[image: Figure 6]FIGURE 6 | Variations of liquid fraction versus time for the vertical and horizontal heat storage units. (A) do = 14 mm, di = 10 mm. (B) do = 10 mm, di = 6 mm.
[image: Figure 7]FIGURE 7 | Profiles of the velocity and liquid fraction on the middle cross-section along the length of the horizontal heat storage unit during the PCM melting process. (A) Velocity profiles. (B) Liquid fraction profiles. The black arrows indicate the flow direction of the liquid PCM. The outer/inner diameter (do/di) of the tube is 14/10 mm.
In the initial stage, the thin layer of PCM which directly contacts with the tube wall is heated and rapidly melts due to the heat conduction. And then, the heat conduction is worsened because of the increased thermal resistance as the thickness of the liquid PCM increases. At this moment, the variation of liquid fraction tends to be flattened as depicted in Figure 6A. As the liquid region gradually expands, the natural convection occurs driven by the density differences. It can be observed from Figure 7, the liquid PCM climbs up along the hot tube wall and descends along the cold solid-liquid interface, forming a natural convection cycle. Thus, the melting rate of RT50 significantly increases in this intermediate stage. After 60 min, the solid-liquid interface drops to the lower part of the shell side, and the PCM in the upper part completely melts. As the solid-liquid interface shrinks, the natural convection is weakened, leading to the reduction of melting rate. In the final stage, the heat conduction dominants again due to the thinning of the solid PCM.
Effects of Finned Tubes on the Phase-Change Process of PCM
To investigate the enhancement of PCM melting process by adopting finned tubes, the straight-fin tube and the annular-fin tube were compared in the horizontal heat storage units. It can be seen from Figure 8, compared with the finless tube, the melting time of PCM is shortened by 31.6% with the annular-fin tube and 42.1% by using the straight-fin tube. Obviously, the reinforced heat transfer by the straight-fin tube is much better. By analyzing the velocity and liquid fraction profiles as illustrated in Figure 9, it can be found that the PCM flow region is significantly enlarged for a very short time by adopting the straight-fin tube at the beginning of the melting process, basically covering the entire unit. Therefore, the total melting time of PCM is reduced, which is mainly determined by the convection-led stage, since the natural convection is greatly enhanced.
[image: Figure 8]FIGURE 8 | Variations of liquid fraction versus time for the horizontal heat storage units with the finless tube, straight-fin tube and annular-fin tube. The outer/inner diameter (do/di) of the tube is 14/10 mm.
[image: Figure 9]FIGURE 9 | Profiles of the velocity and liquid fraction on the middle cross-section along the length of the horizontal heat storage unit with the straight-fin tube during the PCM melting process. (A) Velocity profiles. (B) Liquid fraction profiles.
In order to better observe the phase change process in the annular-fin-tube heat storage unit, four typical cross-sections at 0 mm, 3 mm, 6 mm and 9 mm away from the middle fin were selected as indicated in Figure 10 based on the left-right symmetry of the heat storage unit. Cross-section D is almost located at the middle of the two adjacent annular fins, and cross-section A is located on the surface of the middle fin. At the moment of 15 min, the velocity and liquid fraction profiles on the selected cross-sections were displayed in Figure 11. As can be found that there are no streamlines on the cross section A. The liquid region on cross section B is the largest, and gradually shrinks as the distance from the middle fin increases due to the weaken of heat conduction. During the melting process, the profiles of velocity and liquid fraction on cross section B were also drawn in Figure 12. Both the flow fields and liquid fraction are quite similar to those in the finless tube heat storage unit as shown in Figure 7. Since the convective region is not significantly expanded by the annular fins, the enhancement of convective heat transfer is limited. Therefore, the reduction of PCM melting time due to the annular fins is mainly attributed to the heat conduction intensifying in the initial period as can be clearly seen from Figure 8.
[image: Figure 10]FIGURE 10 | Schematic of four selected typical cross-section positions of the annular-fin-tube heat storage unit.
[image: Figure 11]FIGURE 11 | Profiles of the velocity and liquid fraction on the four selected cross-sections of the annular-fin-tube horizontal heat storage unit at the moment of 15 min. (A) Velocity profiles. (B) Liquid fraction profiles.
[image: Figure 12]FIGURE 12 | Profiles of the velocity and liquid fraction on cross-section B of the annular-fin-tube horizontal heat storage unit during the PCM melting process. (A) Velocity profiles. (B) Liquid fraction profiles.
In order to verify the numerical simulation results obtained from the present numerical model, the experimental studies on the melting process of Paraffin wax RT50 in the straight-fin-tube and annular-fin-tube heat storage units were respectively performed. Note that Paraffin wax RT50 is white in the solid state and colorless in the liquid state. Compare Figures 13A,B, it can be found that the melting rate of RT50 by using the straight-fin tube is higher than that with the annular-fin tube, which is consistent with the numerical results as mentioned above. Since the melting process has obviously stepped into the conduction-led stage in the final period after 120 min, the melting rate of RT50 becomes slowly in this stage due to its low thermal conductivity. Thus, the melting process on the cross-section was not involved in Figure 13 after 120 min. Besides, the complete melting time of RT50 in the experiments is a little longer than that in the numerical simulations owing to the poor insulation measures. In addition, more experimental studies will be carried out in the future work.
[image: Figure 13]FIGURE 13 | Melting process of Paraffin wax RT50 in the finned tube heat storage units. (A) Straight-fin-tube heat storage unit. (B) Annular-fin-tube heat storage unit.
Mechanism of Natural Convective Heat Transfer in the Finned Tube Heat Storage Units
The natural convection can be simplified in the finned tube heat storage units as shown in Figure 14. As for the straight-fin-tube heat storage unit depicted in Figures 14A, a relatively closed space is formed by the hot tube and straight fins as well as the cold shell. In this space, the liquid PCM climbs up along the hot wall and descends down along the cold wall, forming a natural convective cycle. In the case of the annular-fin-tube heat storage unit drawn in Figure 14B, the natural convective cycle cannot be formed by the temperature difference, since the annular fins are parallel to each other. In this situation, the flow rises along the hot wall, and is forced to change its direction when it encounters the upper cold shell, which is similar to the flow in the finless tube unit. Thus, the annular-fin tube cannot effectively enhance the convective heat transfer in the PCM melting process.
[image: Figure 14]FIGURE 14 | Schematic of natural convective heat transfer in the finned tube heat storage units. (A) Straight-fin-tube heat storage unit. (B) Annular-fin-tube heat storage unit.
As is well-known, the thermal conductivity of paraffin wax often used as PCM in LHTES is very small, and the application of fins has a limited effect on heat conduction enhancement. Therefore, the enhancement of natural convection heat transfer by fins should be carefully considered. Two suggestions on the design of the finned tube applied in the phase change heat storage unit were finally proposed in this paper. 1) The hot finned tube wall and the cold shell should be arranged vertically facing each other in the closed space to form a natural convective cycle. 2) The temperature gradient in the hot wall and the cold wall should be designed vertically upwards, as indicated in Figure 15, in order to enhance the natural convection.
[image: Figure 15]FIGURE 15 | Schematic of natural convective cycle and wall temperature gradients.
CONCLUSION
In this paper, a numerical model was established by using the enthalpy-porosity approach to study the melting behavior of Paraffin wax RT50 in a heat storage unit belonging to a shell-and-tube heat exchanger. The effects of heat storage unit placement forms, tube diameters and fin structures on the phase change process of RT50 were investigated, and the heat transfer characteristics during different melting periods were deeply analyzed. Besides, the mechanism of heat transfer enhancement due to fins and the fin design suggestions in the heat storage unit were also proposed. The main conclusions are drawn as follows:
1) The phase-change process in the vertical heat storage unit was greatly affected by the tube diameter (i.e. the thickness of PCM). For the heat storage unit in horizontal arrangement, the melting process of RT50 can be divided into three stages in terms of dominant heat transfer: the conduction-led stage in the initial period, the convection-led stage in the intermediate period and the conduction-led stage in the final period. In addition, the melting time (or melting rate) of RT50 was mainly determined by the convection-led stage.
2) For heat transfer enhancement, the straight and annular fins were installed on the outer of the tube in the horizontal heat storage unit. Compared with the finless tube, the complete melting time of RT50 was shortened by 42.1% and 31.6% respectively for the straight-fin tube and the annular-fin tube. Thus, adopting the straight fins is a better option to improve the phase change process for the present heat storage unit.
3) The mechanism of heat transfer enhancement by fins was also analyzed. For the straight-fin-tube heat storage unit, the natural convective heat transfer was significantly intensified during the melting process of RT50. By using the annular fins, the conduction in the initial melting period was improved, but the annular fins have limited effect on enhancing the natural convection.
4) The suggestions on the fin design applied to the present heat storage unit were given. To improve the natural convection, the hot fin tube wall and the cold shell should be arranged vertically facing each other to form a relatively closed space, where the natural convective cycle is more likely to occur. Besides, the temperature gradients both in the hot wall and cold wall should be vertical upwards.
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NOMENCLATURE
cp specific heat capacity (J·kg−1·K−1)
d tube diameter (m)
g gravity (m·s−2)
h enthalpy (J·kg−1)
k thermal conductivity (W·m−1·K−1)
L latent heat (J·kg−1)
P pressure (Pa)
[image: image] source term
T temperature (K)
[image: image] velocity vector (m·s−1)
v velocity (m·s−1)
Greek symbol
β expansion coefficient (K−1)
λ liquid fraction
μ dynamic viscosity (Pa·s)
ρ density (kg·m−3)
Subscripts
i inner
lat latent
liq liquid
o outer
ref reference
s solidus
sens sensible
f,i fluid inlet
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