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Abstract - Phase change material can be used in a heat exchanger to smooth out the temperature during cyclic or pulsed operations. 

However, the performance is highly dependent on the design and thermophysical properties of embedded PCM. In this study, the effects 

of location and amount of embedded PCM on the melting time in a shell and tube heat exchanger are evaluated by developing a Lattice 

Boltzmann Method code. The PCM is encapsulated in circular metal foam surrounding the inner tube using hot water as the working 

fluid. According to the results, inner tube location has a significant effect on the natural convection, and consequently, the melting time 

and rate. It is observed that placing the inner tube near to the downside of the PCM layer, causes a more uniform temperature distribution 

within the domain and has the lowest melting time. Also, while increasing the thickness of the PCM layer enhances the melting time, this 

increment has an exponential relation with the melting time.   
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1. Introduction 
Phase change material (PCM) is working based on the phase transition concept, usually solid to liquid and vice versa, 

in thermal energy storage (TES). The energy stored and released by PCM during the melting and solidification processes, 

respectively, is at least 1-2 orders of magnitude higher than the energy stored by the specific heat in sensible TES [1], [2]. 

So, these materials are suitable for thermal management such as smoothing out the peak load, short-term energy storage, and 

protection from failure during coolant interruptions. PCM in a heat exchanger can play a significant role in reducing energy 

consumption and implementing a lower capacity pump for a certain application. Shell and tube, double pipe and plate heat 

exchangers are the most common models using PCM for different substantial applications, including pulsed electronics [3], 

HVAC [4], solar systems [5], and condensers in refrigeration cycles [6]. 

Although the concept has high potential in energy management, it must be analyzed and optimized from various aspects 

to reduce costs and increase efficiency. So far, many researchers are attracted to the subject and several studies are conducted 

in the last two decades in terms of physical and thermal characteristic features [7]. One of the main disadvantages of PCM 

is their low thermal conductivity which results in low heat transfer. To overcome this issue, Mahdi et al. [8] introduced a 

hybrid approach by implementing fin-assisted metal foam strips around a tube. They demonstrated that the thermal response 

of the PCM layer enhances considerably by this new model. The evaluation is performed for both solidification and melting 

processes, and up to 58.42% improvement is reported. In another study on a shell and tube heat exchanger, Mahdi and Nsofor 

[9] investigated the influences of the porous foam containing PCM on the heat absorption performance. According to their 

results, embedding cascaded metal foam with high porosity in the heat flow direction can compensate for the low thermal 

conductivity of PCM. 

PCM is a relatively expensive material, and also, adding PCM into a heat exchanger requires space. So, the amount and 

design of the PCM layer are of great importance that need to be optimized. One of the interesting studies on PCM 

configuration is conducted by Vyshak and Jilani [10]. In this research, three shapes of PCM as planar, inner, and outer layers 

are compared that have the same amount of PCM and contact surface area. Their results revealed that cylindrical shell PCM 

takes the least time for storing equal amounts of energy. It is also observed that increasing the inlet temperature of heat 

transfer fluid (HTF) drastically reduces the energy storage time in cylindrical shell PCM compared to other models. Later, 

Esapour et al. [11] investigated the effects of orientation and number of tubes on the melting time in multi-tube storage 

systems. They claimed that by approaching the inner tubes to the bottom of the shell the melting process accelerates. Also, 

increasing the number of tubes results in a higher contact area between PCM and HTF, thus lower melting time and a higher 

heat transfer achieves. 
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The type of used PCM and properties of HTF have also demonstrated a significant impact on the efficiency and melting 

performance [12]. Pahamli et al. [13] studied the melting performance of PCM in a horizontal double pipe heat exchanger. 

They reported that the downward movement of the inner tube strengthens the convection, and consequently, reduces melting 

time up to 64%. They also indicated that rising inlet temperate on HTF has a direct relation with a decrement in the melting 

time. On the other hand, the increment in the mass flow rate does not show a considerable impact on the melting performance. 

Putra et al. [14] researched the passive cooling of a heat pipe by using PCM in an electrical device. They focused on 

determining the effectiveness of the cooling system and identifying the optimal PCM. It is stated that the PCM type must be 

selected according to the application and the temperature range of the HTF. In other words, the melting point of PCM is of 

great importance in the efficiency of the system, especially for small-scale applications. 

Based on the reviewed literature, it is observed that the performance of PCM in a heat exchanger depends on several 

characteristic parameters, especially configuration, that demand further investigations. In this study, the effects of inner tube 

location and PCM layer thickness are evaluated to reach a better efficiency in terms of melting rate. The PCM is embedded 

in a metal foam with high thermal conductivity and porosity. This numerical research is conducted by developing a Lattice 

Boltzmann Method code in FORTRAN software.  

  

2. Methodology 
In this section, the considered problem is described for input parameters, the governing equations are presented and the 

numerical model for the simulations is reported.  

 
2.1. Problem Description 

A schematic of the circular sectional area of a shell and tube heat exchanger is demonstrated in Fig. 1. The shell is filled 

with n-octadecane PCM embedded in a metal foam with thermophysical properties given in Table 1. The inner tube’s 

location, d(x, y), and thickness of the shell (t) are variables given in Table 2. The parameter |d|, diameter and temprature of 

the inner tube are set to 0.01 m, 0.02 m and 31 ℃, respectively. The Newtonian fluid and incompressible assumptions are 

applied for the natural convection within the liquid phase. For the given dimensions and PCM properties, the fluid flow is 

within the laminar regime. Also, a regular shape porous foam is assumed, and the Brinkman-Forchheimer model is applied 

for the REV modelling with porosity (𝜀) and thermal conductivity of 0.9 and 100 W/m.K, respectively. 

 

 
(a) 

 
(b) 

Fig. 1: Schematic of the problem in (a) 3D, and (b) 2D forms. 
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Table 1: Thermophysical properties of n-octadecane [15]. 

 𝝆 (kg/m3) 𝒄𝒑 (J/kg.K) k (W/m.K) 𝜷 (1/K) 𝝊 (m2/s) L (kJ/kg) 𝑻𝒎 (℃) 

PCM 770 2300 0.15 0.001 5 × 10−6 243 30 

 
Table 2: Considered values for tube location and PCM layer thickness. 

 1 2 3 4 

d(x, y) (0, 0) (d, 0) (d, 0) (0, -d) 

t (m) 0.005 0.01 0.015 0.02 

 
2.2. Governing Equations 

For the described problem in section 2.1, the dimensionless governing equations, including continuity, momentum and 

energy, are [16]: 
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Where K, 𝜎, 𝐿𝑠𝑙 and 𝑓𝑙 are permeability, thermal capacity ratio, latent heat and liquid fraction, respectively. Average 

temperature (𝑇𝑎𝑣𝑒 =
𝑇ℎ+𝑇𝑖

2
), geometry function (𝐹𝜀 =

1.75

√150𝜀3
) and effective thermal conductivity (𝑘𝑒 = 𝜀𝑘𝑃𝐶𝑀 + [1 − 𝜀]𝑘𝑝) 

are calculated accordingly. 

The melting fraction of PCM is calculated by using enthalpy (𝐻) definition as: 

𝑓𝑙 = {

0              𝐻 < 𝐻𝑠          
𝐻−𝐻𝑠

𝐻𝑙−𝐻𝑠
      𝐻𝑠 ≤ 𝐻 ≤ 𝐻𝑙
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  (4) 

Where 𝐻 = 𝑐𝑝𝑇 + 𝐿𝑓𝑙. Detailed information for this section’s equations is provided in [17]. 

 
2.3. Lattice Boltzmann Method 

An in-house Lattice Boltzmann Method (LBM) code is written to solve the governing equations. The flow part has a 

moving boundary, and so, its effects are added to the collision step based on the BGK approximate. Also, for the thermal 

field, the model introduced by Huang et al. [18] is applied which calculates enthalpy instead of temperature in the distribution 

functions. The followings are applied for the calculations by using a D2Q9 lattice [19], [20]: 
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Where 𝐹𝑖 represents the body forces, and 𝜏𝑓 and 𝜏𝑔 are flow and thermal fields relations times, respectively.  
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The equilibrium distribution function in a thermal field is defined for latent heat calculations as: 
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In which 𝜔𝑖, 𝑐 𝑖 and 𝑐𝑠 are weighting factor, lattice speed, and sound speed, respectively. Detailed information for 

this section’s equations is provided in [18]. 

            

3. Results and Discussion 
3.1. Validation  

The developed LBM code for latent heat simulation is validated by the work done by Bertrand et al. [21]. Fig. 2 presents 

a liquid fraction variation over time for 𝑃𝑟 = 0.02, 𝑆𝑡 = 0.01, and 𝑅𝑎 = 2.5 × 105 in a circular enclosure. The results are 

in a great match with each other.  

 

 
Fig. 2: Comparison for a liquid fraction in the circular domain between the current study and Bertrand et al. [21] research. 

 
3.2. PCM Foam Configuration  

In this section, the effects of the inner tube’s location and PCM layer thickness on the melting time are evaluated. Firstly, 

isotherms within the domain for different tube locations are presented in Fig. 3 after 30 minutes of melting. It can be seen 

that the heat penetration is higher in d1 compared to others. In d1, d2, and d3, the heat transfer is higher in the upper region 

of the PCM-based foam due to the natural convection impact. However, d4 has a more uniform temperature distribution 

since the conduction is dominant.  

In Fig. 4, the melted fraction and streamlines within the liquid part are demonstrated at the time of 30 minutes from the 

start of melting. It is obvious that the melting performance is higher in d1, d4, d2, and d3, respectively. A weak flow 

circulation in d3 has made it the worst possible location for the inner tube. Also, more powerful circulation is achieved in 

d4 compared to d1 which results in a higher melting rate. On the other hand, in d3 a non-uniform circulation is observable 

that will produce a better melting rate at the upper region, while causing a smaller heat propagation at the downward area. 

To have a better undertaking of the inner tube’s location impact on the melting performance, the variation of the PCM 

liquid fraction within the porous metal foam is reported across time in Fig. 5-a. The melting time is provided from the start 

until the whole PCM becomes in the liquid state. As expected from Fig. 3 and Fig. 4, d3 has the longest melting time 

compared to the others. This is almost twice the melting time of d1 and d4, which is considerably a high time that only has 

happened by changing the place of the inner tube. It shows the importance of finding the optimum location for placing the 

PCM layer around the hot or cold HTF for cooling and heating purposes, respectively.  
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d1 d2 

  
d3 d4 

Fig. 3: Temperature distribution within the porous foam layer for different inner tube locations. 

 
The other interesting point here is the variation of d4 along the time. While, other cases has shown reduction in the 

melting rate as time goes by, the melting rate of d4 stays almost constant from 10 minutes after start of melting process. As 

the result of this, it has obtained the lowest melting time that has made it best possible location for inner tube.  

Increasing the thickness of the PCM layer obviously will enhance the melting time. But with the help of Fig. 5-b, a better 

understanding of the amount of this increment will be achieved. Comparing the thicknesses of t1 (smallest) and t4 (largest) 

demonstrates a huge difference in the melting time (around 90 minutes). The amount of added PCM to t1 is 

𝜋((𝑡2 + 0.01)2 − (𝑡1 + 0.01)2) = 0.00212 𝑚2 which means 0.02597 𝑚2 is melted in 90 minutes. On the other hand, this 

amount for t1 compared to t2 is 0.00055 𝑚2 in 15 minutes. So, while the ratio of added PCM region is in these two cases is 

proportional to 3.8545, the increased melting time ratio is 6. That means a melting time does not have a linear behavior with 

PCM volume.  
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d1 d2 

  
d3 d4 

Fig. 4: liquid fraction and streamlines within the porous foam layer for different inner tube locations. 

 

  

(a) (b) 

Fig. 5: Liquid fraction variation over time for (a) different tube locations, (b) different PCM layer thicknesses. 
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4. Conclusion 
In this research, the effects of PCM configuration in a shell and tube heat exchanger are investigated by using an LBM 

code. The PCM is embedded in a metal foam with high thermal conductivity and specific characteristic features. Two 

characteristic parameters, named d and t, as representatives for the location of the inner tube and thickness of PCM foam, 

respectively, are considered. It is observed that the location of the inner tube has significantly affected the melting time. Also, 

putting the inner tube near the downside of the PCM foam results in a lower melting time with an almost constant rate. 

Meanwhile, increasing the volume of the PCM layer does not have a linear relation with enhancement in the melting time. 

So, depending on the application an optimum thickness must be calculated.  
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