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ABSTRACT 

Today, efficient energy use and minimizing waste are crucial. In power plants, hot water with high thermal energy 

enters a cooling tower, requiring significant water consumption for cooling. In the current research, the possibility 

of exploiting the thermal energy of hot water between the turbine and the cooling tower has been investigated 

using shell and tube heat exchangers where the shell is filled with phase change materials (PCM). This research 

investigates the temperature reduction of the hot water temperature entering the cooling tower and possibility of 

using the thermal energy of the hot water entering the cooling tower. Two approaches are included: a PCM-based 

heat exchanger for thermal storage and a heat exchanger to reduce hot water temperature without energy storage 

capability. Paraffin, a phase change material, is placed between the tube and shell in a heat exchanger, where hot 

water flows through the tube. The enthalpy-porosity model simulates phase change. Outlet hot water temperature, 

volume fraction changes, and paraffin temperature in finned and non-finned tubes are compared in different 

conditions. Also, fines are installed on the shell side to investigate the heat transfer enhancement. Results suggest 

that with an insulated shell, a thermal storage system should use a heat sink (cold water) to absorb released heat 

during paraffin solidification. The insertion of fins increases paraffin phase change rate to about 100% which 

reduces required time to be completed melt from 10 to 4 hours, thus enhancing the heat transfer rate significantly. 

Results indicate that in a colder climate with temperatures significantly below the melting point, non-insulated 

heat exchangers can maintain steady performance which can cause a steady two-phase regime of PCM (steady 

liquid volume fraction about 0.5) and keep the shell temperature constant over time. Finally, it could reduce hot 

water temperature that enters cooling tower about 6 degrees. 

KEYWORDS: Phase Change Material (PCM), Enthalpy-Porosity modeling, Heat Exchanger, Water wasting, 

Finite Volume.  
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INTRODUCTION 

Due to water shortages and limited water resources, special attention has been paid to reducing water consumption 

in recent years. Meanwhile, power plants are one of the main consumers of water resources, most of which are 

used for cooling systems[1]. Evaporative cooling using a cooling tower is an efficient method among the various 

processes. In addition, there is a great potential for increasing the efficiency of cooling towers in order to save 

energy and reduce water consumption [2]. 

In cooling towers, two factors, improving thermal properties and reducing water loss, are important for 

researchers. Improving the thermal characteristics increases the efficiency and further cooling of the water. On 

the other hand, when heat and mass are exchanged between the water and air, the amount of evaporated water is 

significant, which can be reduced by various methods. 

One of the methods to improve thermal properties is using nanoparticles because these particles can increase heat 

transfer [3–6]. Nanoparticle concentration, liquid inlet mass flow rate, air inlet mass flow rate, and relative 

humidity are the key parameters affecting cooling towers' water loss rate and thermal characteristics. Nanofluids 

can significantly improve dry and wet cooling tower performance by improving thermal properties and reducing 

water loss. The nanofluid is synthesized by dispersing the nanoparticles in a base fluid, and its thermal 

conductivity and viscosity increase relative to the base fluid. Using nanofluids improves the cooling rate and 

increases the cooling tower's efficiency and heat transfer coefficient. On the other hand, increasing the surface 

tension enhances the evaporation resistance and affects the amount of water loss. 

Mousavi et al. [7] investigated the effects of carbon quantum nanoparticles (CQD)on increasing heat transfer in a 

wet cooling tower. The results showed that using Fe3O4-CQD nanofluid increases the efficiency of the cooling 

tower by 12% and reduces water consumption by 7.5%. Using Cu-CQD leads to a 25% increase in cooling tower 

efficiency and a 16% decrease in water consumption. 

Kisaosui et al. [8] illustrated that using the alumina/water nanofluid, the cooling tower efficiency increased by 

19% and the heat transfer coefficient by 20% compared to pure water.  

Askari et al. [2] investigated the thermal performance of a cooling tower using multi-walled carbon nanotubes 

and graphene-nanoporous nanofluids. Their results showed that using nanofluid increases the thermal 

conductivity, efficiency of the cooling tower, and the cooling temperature range, and also reduces water 

consumption in using carbon nanotubes by 10% and in the use of graphene nanoporous by 19%. 

Another method that researchers have recently considered increasing the efficiency of cooling towers is using 

phase change materials (PCMs) or heat pipes [9–11]. Liquid-solid phase change materials are used for short-term 

and long-term energy systems due to their high energy density, low-density changes and relatively low price 

[12,13]. Fluids containing PCM have a higher sensible specific heat than single-phase fluids and are therefore 

suitable for transferring high amounts of heat without a significant increase in temperature. 

One of the applications of PCMs in field of the thermal storage is in the residential buildings, industrial silos, and 

factories [14]. When we look at the role of recycling and optimizing energy consumption in energy management, 

their importance is multiplied [12]. These materials save about 29% and 19% of energy in the eastern-western and 

northern and southern, respectively [15]. The use of these materials in the external wall of an office leads to 12.8% 

energy savings [16]. The utilization of PCMs in heat management systems of batteries and electrical circuits has 

been considered in recent years [17]. Utilizing in cooling electrical circuits of a smartphone [18] temperature 



 

 

control of Electric chips [19] and improving the thermal performance of lithium-ion batteries of vehicles [20] are 

among the studies conducted in this field.  

Some Researchers studied melting and solidification of phase-change material in the tube and shell heat 

exchangers       

[21–23]. The results indicated that by increasing the heat transfer fluid temperature from 70 to 80 ℃, the time of 

melting decreases 37% [24].  

To reduce water consumption in cooling systems, Zhang et al [25] developed an air-cooling heat exchanger (ACC) 

using encapsulated phase change materials (EPCM). This EPCM heat exchanger improves the heat transfer 

coefficient and efficiency of the cooling tower and on the other hand leads to reduced pressure drop and system 

costs. Their results showed that the proposed EPCM heat exchanger had 37% and 42% lower water consumption 

compared to dry and wet cooling towers, respectively. 

Many studies have been conducted on the use of PCM in cooling systems of photovoltaic panels, and the results 

of studies show that the use of PCM leads to a decrease in panel temperature and also increases its output power 

[26–29]. Abdollahi and Rahimi [30], In an experimental study, investigated the effects of nanofluids on the cooling 

process of a hybrid cooling tower system based on photovoltaics and phase change materials (PV/PCM). They 

used low-concentration of boehmite nano-powders in water as a nanofluid. PCM has been solidified during the 

night and early morning hours when the air temperature is lower than the freezing point of PCM. The results show 

that this combined method is very effective in reducing the panel temperature and leads to an increase in PV output 

power. 

A review of previous studies shows that the use of PCMs in the efficiency of heat exchangers and their role in 

faster cooling of the operating fluid has yet to be studied in detail. In the literature, the use of the PCM-based heat 

exchanger to utilize the wasted heat of the hot water before going into the cooling tower still needs to be addressed, 

and using the thermal storage capacity of the PCM requires more effort to clarify that it could be a beneficial 

option or not. Also, the effects of the climate condition on the PCM-based heat exchangers should be answered. 

To cover the mentioned gap, in the present paper, the cooling operation of a working fluid in a heat exchanger is 

modeled by simulation of the unsteady, 3D, turbulent flow field, and heat transfer and thermal storage capability 

is investigated. The average temperature of the outlet hot water, the volume fraction changes, and the average 

temperature of paraffin are presented. 

 

PROBLEM STATEMENT 

Figure (1.a) illustrates the schematic of the studied problem. Outlet steam from the turbine, after passing through 

the primary condenser, enters the heat exchangers as a liquid phase (water at a temperature of 70). In the present 

investigation, the shell side of the heat exchanger is filled with paraffin as PCM to utilize the latent heat during 

the melting process. The thermophysical properties are presented in Table 1. The PCM covers the entire lateral 

surface of the inlet hot fluid tube and is in the solid phase at the initial moment. Melting process of PCM accrue 

with time as hot water passes through the tube and shell heat exchanger. Fins on the side surface of the tube can 

increase the conduction heat transfer, so in this research, fins are installed symmetrically on the tube, and the heat 

transfer is compared between two cases with and without fins. Fins are selected aluminum due to the high thermal 

conductivity 273 W/m-k. The shell wall is assumed to be either temperature-constant or insulated. All water 

properties are considered constant, and its density variation are ignored. Water enters the tube at a steady rate, and 



 

 

the atmospheric pressure is assumed as a boundary condition at the tube outlet. Variations of the thermophysical 

properties of paraffin are supposed to be constant except for density and viscosity of the liquid phase of the melted 

paraffine. The paraffin density is considered to change linearly with temperature due to the applied Boussinesq 

hypothesis. So, the effects of buoyancy on PCM should be considered on the gravity direction. 

 

 

(a) 

 

(b) 

Fig. 1: Problem statement a) schematic b) geometry of the studied problem 

 

 

 

 

 

 



 

 

Table 1 Thermophysical properties of paraffin [18] 

value property 

780 Density(𝑘𝑔/𝑚3) 

170000 Latent heat (𝐽/𝐾𝑔) 

318/324 Melting/freezing temperatures (𝐾) 

0.2 Thermal conductivity coefficient (𝑊/𝐾) 

2000 Specific heat capacity (
𝐽

𝑘𝑔.𝐾
) 

𝜇 = 𝐴𝑒𝐵 𝑇 

A = 0.819, B = − 1.546 × 10− 2, 

326 K ≤ T ≤ 353 K 

Viscosity in molten state (
𝑁

𝑚.𝑠
) 

 

GOVERNING EQUATIONS 

The present problem contains two non-mixing operating fluids so that hot water is inside the tube and paraffin is 

in the shell as PCM, the momentum and continuity equations are solved separately for the two parts. On the other 

hand, the coupling of energy equations is performed due to the heat transfer from the wall of the hot tube to the 

paraffin in the shell. 

- Equations governing the water flow inside the tube 

Assuming incompressible, 3D, turbulent, unsteady and Newtonian, the equations of continuity, momentum and 

energy in the pipe will be as follows: 

-Continuity equation 

𝜕

𝜕𝑥𝑖
(𝑢𝑖) = 0 (1) 

 

-Momentum equation 

1

𝜌

𝜕

𝜕𝑡
(𝑢𝑖) + 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
+
1

𝜌

𝜕𝑃

𝜕𝑥
= 𝜈 (

𝜕2𝑢𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

) −
𝜕(𝑢 𝑖𝑣́ 𝑖)

𝜕𝑥𝑗
 (2) 

 

where 𝜈 and 𝜌 are kinematic viscosity and water density, respectively, and RANS method has been used to model 

the turbulent flow of water inside the tube. It should be noted that the application of buoyancy body force in this 



 

 

range has been abandoned due to the strong dominance of inertial forces over buoyancy forces (Richardson 

numbers are very small). 

-Energy equation 

𝜌𝑐𝑝(𝑢𝑖
𝜕𝑇

𝜕𝑥𝑖
) = 𝑘(

𝜕2𝑇

𝜕𝑥𝑖,𝑖
) (3) 

 

where 𝑐𝑝  and 𝑘 are special heat capacity and water conductivity, respectively. In the present paper, the 

thermophysical properties of water are assumed to be independent of temperature. 

Equations governing the PCM 

Voller et al. [31] proposed the enthalpy-porosity approach for modeling phase change within PCM-based TES 

systems. This approach doesn't explicitly track the melting interface [32]. Instead, it defines the liquid fraction, 

representing the portion of each cell in the PCM domain that is in a liquid state, using enthalpy balance calculations 

at each iteration of the simulation. The region where solid and liquid phases coexist (the mushy zone) is treated 

as a porous zone with porosity equal to the liquid fraction, incorporating momentum sink terms into the 

momentum equations. The motion of liquid PCM during melting is assumed to be laminar, unsteady, and 

incompressible, while volume changes during melting from solid to liquid are disregarded. Additionally, the 

motion of solid PCM during melting is neglected.  

All thermophysical properties of PCM are assumed to be constant except density and viscosity. Density variations 

with respect to temperature are assumed to be linear with the Boussinesq approximation, which leads to apply 

buoyancy force on the PCM domain after sufficient melting of the solid paraffin. 

The governing equations of PCM (in liquid phase) considering the above assumptions are [33]: 

-Continuity equation 

(4) 𝛻. 𝑉⃗ = 0 

-Momentum equation 

𝜌𝑝(
𝜕𝑉⃗ 

𝜕𝑡
+ 𝑉⃗ . 𝛻. 𝑉⃗ ) = −𝛻𝑃 + 𝜇𝑝𝛻

2𝑉⃗ + 𝜌𝑝𝛽𝑝𝑔 (𝑇 − 𝑇𝑟𝑒𝑓) + 𝑆 (5) 

In the above equation, the third term of RHS is the buoyancy force created in the liquid after sufficient melting of 

the solid paraffin, this term will be dominant in the heat transfer process. On the other hand, changes in the 

viscosity of liquid paraffin are assumed to be a function of temperature which is a curved fit equation based on 

the experimental results of Hosseini et al. [18] study:  

(6) 𝜇𝑝 = 𝐴𝑒
𝐵 𝑇 

The momentum equation (Eq. 5) includes a source term  S, which arises from the decreased porosity within the 

mushy zone and is expressed as follows:  



 

 

𝑆 =
(1 − 𝛽)2

𝛽3 + 𝜀
 𝐴𝑚𝑢𝑠ℎ𝑉⃗  (7) 

where 𝛽 is the volume fraction of liquid, 𝜀 is a small number to avoid devising zero and  𝐴𝑚𝑢𝑠ℎ is a constant 

parameter (10-4).  

- Energy equation 

𝜕(𝜌𝐻)

𝜕𝑡
+ 𝛻. (𝜌𝑣́ 𝐻) = 𝛻. (𝑘𝛻𝑇) (8) 

H is the enthalpy of PCM and equals to the sum of sensible enthalpy (h) and latent heat (∆ H): 

𝐻 = ℎ + ∆𝐻 (9) 

Sensible enthalpy is calculated as: 

ℎ = ℎ𝑟𝑒𝑓 +∫ 𝐶𝑃 𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓 

 (10) 

where ℎ𝑟𝑒𝑓  is the reference enthalpy, 𝑇𝑟𝑒𝑓  denotes the reference temperature and 𝐶𝑃 is the specific heat. The latent 

heat is estimated by ∆𝐻 = 𝛽𝐿, where L is latent heat and 𝛽 is liquid volume fraction in PCM domain, which can 

vary from 0 (for solid) to 1 (for liquid) and is defined as follows: 

𝛽 =

{
  
 

  
 

0                                                       𝑖𝑓  𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇 − 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 − 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

                           𝑖𝑓  𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 

1                                                       𝑖𝑓 𝑇 > 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

   

 

(11) 

-Boundary and initial conditions: 

In the first instance, the whole of PCMs is solid, water and heat exchanger are assumed to be at 25° C. Therefore: 

At t = 0:  u = v = w = 0 & T = 25oC & PCM in solid state.  

-Pipe boundaries: 

At the inlet: u = V0 and T = T0, p = p0      

At the outlet: zero temperature gradient,         

On the wall: u = v = w = 0, 𝑘𝑤𝛻𝑇. 𝑛 ⃗⃗  ⃗ = 𝑘𝑝𝛻𝑇. 𝑛 ⃗⃗  ⃗ 

-Shell boundaries: 

On the wall: u = v = w = 0 

At the pipe-shell interface: 𝑘𝑝𝛻𝑇. 𝑛 ⃗⃗  ⃗ = 𝑘𝑤𝛻𝑇. 𝑛 ⃗⃗  ⃗ 

At the shell outer wall: T=25oC or 𝛻𝑇. 𝑛 ⃗⃗  ⃗=0 

 



 

 

NUMERICAL SOLUTION METHOD, GRID STUDY AND VERIFICATION 

Finite volume method is employed to solve the governing equations. The pressure-velocity coupling utilizes the 

SIMPLEC algorithm, while pressure correction equations employ the PRESTO! scheme. Second-order upwind 

schemes are applied to the momentum and energy equations. Under-relaxation factors for pressure, velocity, 

energy, and liquid fraction are specified as 0.3, 0.2, 1.0, and 0.9, respectively. Convergence criteria are set at 10 -5 

for the continuity equation and 10-7 for the energy equation. 

Mesh study 

Proper meshing with sufficient elements is essential in the numerical solution of a physical phenomenon to achieve 

the necessary accuracy in calculations. On the other hand, with increasing the number of the computational grids, 

the computational volume and consequently, the duration of solving the governing equations increases. Figure 2 

shows the changes in PCM temperature over time with a different number of meshes. As shown in this figure, by 

increasing the number of solution domain meshes from 635000 to 1012222, the temperature changes are very 

small (less than 2% in the largest difference) and the results are accurate enough. Therefore, in the continuation 

of this work, all the results are presented by using 635000 nodes. It should be noted that in order to obtain the 

results of this figure, the following assumptions have been considered. 
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Fig. 2: Mesh independency 

 

In the present study, the numerical solution method has been used to simulate the flow field and heat transfer, so 

it is necessary to evaluate the accuracy of the obtained numerical results to determine the error rate and evaluate 

the correctness of the numerical solution process. The most reliable results are those obtained from the laboratory, 

which have been published in reliable sources. The results presented in the study of Hosseini et al. [24] have been 

used to validate the obtained numerical results. By conducting experiments as well as numerical simulations, they 



 

 

investigated the behavior of phase-change materials that fill the space between two tubes (the inner tube containing 

hot fluid) and the outer tube. Paraffin is used as PCM in their study. 

The obtained mean temperature variation of PCMs in terms of time has been compared with that of Hosseini et 

al. [24] in Figure 3. Comparison of the present results with the mentioned experimental results indicates that the 

selected numerical solution process, type of meshing and number of elements are well compatible with 

experimental results and the maximum error between the present numerical and experimental results is less than 

8%.  
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Fig. 3: Validation of used numerical solution method with Hosseini et al. [24] 

 

RESULTS 

The present study demonstrates the heat transfer solution of a tube and shell heat exchanger containing PCM, 

which is used as part of a power plant. PCM is located in the space between the hot tube and the shell. PCM melts 

if it can absorb enough thermal energy and can solidify if it can release the absorbed heat. So, the performance of 

the heat exchanger, which is filled by PCM, depends on the PCM behavior. The effect of the attached fines on the 

tube is also investigated. In the all cases, the diameter of the tube and shell is 20 and 10 cm, respectively. In this 

section, firstly, the thermal storage capability in the insulated shell heat exchanger has been examined, then the 

fast-cooling capability of the heat exchanger is investigated.  

Thermal storage case and the effect of fins in the PCM 

As mentioned, in the case of thermal storage, we seek to analyze the possibility of using the absorbed heat from 

the hot water for heating and preparing hot water where it is needed. This section presents the contours of the 

volume fraction of the liquid phase and temperature to show the physics of the flow field in thermal storage heat 

exchangers (insulated shell). The effect of using fins attached to the tube on the shell side on the heat transfer rate 

is investigated. A fin can cause hydrothermal changes in the PCM domain, thus affecting the thermal performance 



 

 

of the heat exchanger. Figure 4 shows the development of the fluid region in the PCM section over time. These 

results are obtained by assuming the adiabatic wall of the shell. AS seen, the solid PCM changes into a liquid 

phase after 1.4 hours. After 1.4 hours, it can be seen that the phase change has occurred in regions near the tube. 

This phase change occurs at all angles around the pipe but is not uniform. Figure 4 shows that the liquid volume 

fractions at the beginning and end of the tube are different, and the phase changing rate is lower on the inlet side 

of the tube, because there is no expansion of the thermal and hydraulic boundary layer at the beginning of the 

pipe. The hot fluid increases the pipe wall's temperature at the pipe's end. As a result, heat is transferred to the 

PCM layer adjacent to the pipe, which changes to a liquid phase. It should be mentioned that in all sections shown 

(from the beginning to the end of the hot tube), solid paraffin is completely liquefied in the vicinity of the tube. 

In contrast, heat is transferred by natural convection in the opposite direction of gravity in the fluid phase of PCM 

by buoyancy force. The phase change distribution expands in this direction. Thus, most of the surface that has 

undergone phase change will be at the end of the pipe. After 5 hours, about a third of the total solid paraffin 

between the tube and shell becomes liquid. 

 

 

  

b. Time 2.5h a. Time 1.4 h 

  

 

d. Time: 5 h 

 

c. Time: 4.1 h 

Fig. 4: Volume fraction of liquid phase of PCM with respect to time in a heat exchanger with 

adiabatic wall and without fin 

 



 

 

Figure 5 illustrates the temperature variation in the case of the insulated shell. As seen, 1.4 hours after the 

beginning of the hot flow in the tube, isothermal surfaces with temperatures higher than paraffin melting 

temperature (45.09 ° C) are formed in the hot tube's vicinity. Still, areas with initial temperatures (25 °C) remained 

near the shell, due to insufficient thermal expansion and insufficient time for heat to transfer. It should be noted 

that the geometry of isothermal areas has a circular structure in 1.4 hours, which changes along the tube. Over 

time, the structure of isothermal lines changes for two reasons: heat transfer in solid paraffin and natural 

conduction in liquid paraffin. Therefore, small areas of paraffin remain at the initial temperature, and the 

temperature of the hot tube's upper surfaces is higher than others. Qualitatively, the most obvious effect of natural 

conduction heat transfer on the temperature distribution inside the paraffin occurs in the cross section at the end 

of the tube after 5 hours, when the temperature of the paraffin fluid near the shell is approximately equal to the 

temperature of the hot water fluid. 

 

 

  

b. Time:2.5h a. Time: 1.4 h 

  

 

d. Time: 5 h c. Time: 4.1 h 

Fig. 5: Temperature distribution in PCM over time in a heat exchanger with adiabatic wall and 

without fin 

 

Figure 6 shows the volume fraction of the liquid between the tube and the shell over time to investigate the effect 

of fin insertion on the PCM phase change pattern. The heat-conducting fins improve heat transfer from the wall 



 

 

of the hot tube to solid paraffin. Thus, in 1.4 hours, solid paraffin changes phase in the vicinity of the fins as well 

as the areas adjacent to the hot tube. Conduction heat transfer is predominant at the beginning of the tube due to 

the low volume of liquid paraffin. However, at the end of the tube, by increasing the liquid volume fraction, the 

effect of the buoyancy force increases, and the phase change partially expands in the opposite direction of gravity. 

This vertical expansion of the phase change intensifies over time so that only the bottom of the paraffin remains 

solid at 4.1 hours at the end of the tube. Finally, after 5 hours, almost all of the PCM is melted at the end of the 

tube. After that, there is no latent heat to absorb thermal energy. It should be noted that the reason for melting all 

paraffin, in this case, is the assumption of the adiabatic wall, which prevents the environmental effects on the 

process of heat transfer and phase change. This situation indicates that to have a steady performance in reducing 

the temperature of the hot water in the tube by PCM, we need a heat sink in the shell. The heat sink can absorb 

heat from melted PCM and reduce the PCM temperature below the liquid point. The heat sink can be cold water, 

which is required to be hot in different applications.   

 

 

  

b. Time: 2.5 h a. Time: 1.4 h 

  

 

d. fins Time: 5 h c. Time: 4.1 h 

Fig. 6: Volume fraction of liquid phase of PCM with respect to time in a heat exchanger with adiabatic wall and fin 

 

Figure 7 indicates the temperature distribution in the space between the shell and the hot tube as fins are attached 

to the tube on the shell side. Fins enhance the heat transfer rate from the tube to the existing paraffin because the 

high conductivity of the fin facilitates heat diffusion to the paraffin, increasing its temperature faster. In 1.4 hours, 



 

 

unlike in the non-finned state (Figure 5), the areas near the shell wall are heated from the beginning. Almost all 

paraffin elements have temperatures significantly higher than the initial temperature (25 ℃). The temperature in 

the paraffin range increases over time and by the intensification of heat transfer by natural convection. The liquid 

paraffin at the upper parts of the tube has a temperature of about 60 ℃ after 5 hours. Only a small part of the solid 

paraffin at the bottom of the tube has a temperature lower than the melting temperature. It should be noted that 

these results are presented by assuming the adiabatic shell wall. This assumption causes zero temperature gradients 

on the shell wall and prevents the environmental effects on paraffin. 

 

 

  

b. 2.5 h a.1.4 h 

  

d. 5 h c. 4.1 h 

Fig. 7: Temperature distribution in PCM over time in a heat exchanger with fin and adiabatic wall 

 

To investigate the effect of the environment and installing fins on the performance of the PCM-based heat 

exchanger, the obtained results as the shell wall is constant temperature (the high temperature of a cold climate 

25。C) are presented in Figure 8.  It presents paraffin's liquid volume fraction distribution in the heat exchanger. 

At 1.4 hours at the beginning of the tube, the conduction heat transfer mechanism is predominant. Thus, a phase 

change from solid to liquid occurs in paraffin by increasing thermal diffusion rate near the fins. The liquid volume 

fraction increases in the sections farther from the beginning of the pipe due to thermal development. As a result, 

a significant percentage of solid paraffin is converted to liquid in 1.4 hours. During the first 2.5 hours, heat transfer 

from the hot to cold layers of paraffin results in the phase change of more paraffin to liquid, and near the fin of 

the tube, the thickness of the liquid paraffin increases.  



 

 

In the vicinity of the fins, a large part of the paraffin will be in liquid form at the end of the tube. The cumulative 

phase change is almost equal at the beginning and the end of the heat exchanger after 5 hours because the shell 

wall is assumed to have a constant temperature. The heat transfer from the hot tube to the paraffin occurs until a 

thermal equilibrium is established between the hot tube and the shell temperature. The heat transfer rate from the 

hot tube to the paraffin will gradually decrease due to the limitation of hot and cold temperatures in the dissolution 

range after thermal equilibrium. It should be noted that due to the assumption of a constant shell temperature 25

。C at all times, paraffin does not change phase in the vicinity of the shell and remains in a solid state. It reduces 

the effects of natural convection and limits the circulating power of liquid paraffin. 
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d. Time: 5 h c. Time: 4.1 h 

Fig. 8 Volume fraction of liquid phase PCM over time in the heat exchanger with 

fin and isothermal wall 

 

Figure 9 presents the temperature distribution in paraffin, assuming a constant shell temperature. In the heat 

exchanger, the initial thermal equilibrium occurs between the hot fluid and the shell, which is filled with PCM, at 

1.4 h, only a limited area near the fins experiences an increase in temperature. On the other hand, in the 

downstream sections of the pipe, the thermal boundary layer is altered due to two conduction and phase change 

mechanisms. Over time, the temperature distribution at the corresponding sections at two different times becomes 

almost the same. Therefore, 4.1 hours and 5 hours have almost the same structure of isothermal lines. This is also 



 

 

due to the limitation of temperature intervals (the constant temperature condition of the shell), which will also 

affect the paraffin phase change. 

 

 

 

  

b.: Time: 2.5 h a: Time: 1.4 h 

  

 

d: Time: 5 h c. Time: 4.1 h 

Fig. 9 Temperature distribution in PCM over time in a heat exchanger with fin and isothermal 

wall 

 

Figure 10 illustrates the variation of the liquid volume fraction in two conditions, including a hot tube with and 

without fines as the shell wall is insulated. In the initial time, the volume fraction equals zero, and the phase 

change rate is the same for both cases. The finned case experiences a more significant phase change rate after an 

hour than the bare tube because thermal conduction was the dominant heat transfer mechanism in the early times. 

In 1 hour, the total phase change from solid paraffin to liquid in finned and without fins cases is about 20% and 

15%, respectively. On the other hand, the thermal conductivity mechanism intensifies the heat transfer as the 

liquid phase increases in the domain. Therefore, the phase change rate in the finned tube (volume fraction slope 

relative to time) will be much higher than in the non-finned case. Thus, the solid paraffin turns into liquid in the 

finned case after about 5 hours, but only half of the solid paraffin changes phase by assuming no fin. Based on 

Figure 10, in the case of the bare tube, there is an inflection point after 6 hours. Also, the whole of the solid 

paraffin melts by intensifying the natural convection heat transfer after about 10.5 hours. 
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Fig. 10 Variations of PCM volume fraction versus time in finned and smooth tube cases,  

insulated shell wall 

 

Figure 11 shows the average temperature changes of PCM in both cases with and without fin and assuming the 

adiabatic shell wall in terms of time. The PCM temperature starts at 25 °C at the initial temperature and increases 

with time in both cases. In the early times, the increase in temperature in the finned case had a steeper slope due 

to increased heat transfer by thermal conductivity. Over time, the temperature increases at a slower rate. This 

phenomenon is due to heat absorption caused by phase change in which the heat transfer from the hot tube to 

paraffin is spent at the enthalpy of phase change, and the rest leads to an increase in temperature. After 4 hours, 

the temperature rises with a greater slope due to the thermal development caused by the natural convection 

mechanism as well as the phase change phenomenon. It should be noted that in 4 hours, about 80% of solid 

paraffin has been melted in the finned tube case. The slope of the paraffin temperature rise is slower in the smooth 

tube, and it remains almost constant after 2 hours. The volume fraction of paraffin inside the heat exchanger 

becomes one after about 10.5 hours. Current results indicate that if the shell wall is insulated, the PCM will be 

melted entirely, and the hot water temperature in the tube cannot be reduced by entirely melted paraffin. As a 

result, a heat sink is needed to absorb the released heat during solidification and facilitate PCM solidification 

process. The heat sink can create a two-phase medium on the shell side to guarantee the steady state performance 

of the heat exchanger in cooling the hot water in the tube. 
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Fig. 11 Average PCM temperature versus time for finned and bare pipe, insulated shell wall 

 

The design of optimal condensers is essential to increase thermal efficiency and reduce water consumption in the 

power plant. Obviously, the rate of water used for cooling will decrease as the thermal efficiency of the condenser 

increases. Figure 12 compares the hot water's bulk temperature variation in the heat exchanger's outlet with an 

insulating shell in both finned and non-finned tubes in terms of time. In the initial times, the average temperature 

of the water outlet from the tube increases with a high slope in both finned and smooth cases. After about 30 

minutes, the slope of increasing average temperature in the finned tube decreases and converges to 63 °C. On the 

contrary, the average hot water temperature in the tube outlet without fin continues to increase and converges to 

about 65 °C. The reason for this is the improvement of heat performance due to the faster phase change of paraffin 

in the finned heat exchanger. Over time, more than 80% of solid paraffin changes phase to liquid, and the 

temperature increase in the heat exchanger is because of the created heat balance. Thus, it is observed that after 4 

hours, the average outlet temperature has an insignificant increase and reaches thermal equilibrium at about 65 °C 

in the finned tube. The temperature rise occurs after about 6 hours in the non-finned tube. Finally, as all solid 

paraffin has been melted, the average temperature reaches thermal equilibrium at about 68 °C. It should be 

mentioned that the results of the average outlet temperature are presented up to a volume fraction equal to one in 

all computational space. 
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Fig. 12 Average outlet water temperature versus time for finned and smooth pipe, insulated shell wall 

 

5.2. Heat exchanger without thermal storage capability 

As mentioned, the heat conductor fins on the hot pipe improve the heat exchanger's heat performance and can 

reduce the hot water temperature before entering the cooling tower, thus reducing the amount of water consumed 

for cooling power plant systems. On the other hand, the thermal condition applied to the shell can also significantly 

affect the heat exchanger's heat performance. Figure 13 compares the liquid volume fraction of the PCM with two 

assumptions of the adiabatic and the constant temperature of the shell wall, The phase change rate was almost the 

same in both cases in the initial times. However, after about 30 minutes, the melting rate of solid paraffin for the 

initial condition of constant temperature shell increases due to the intensification of heat transfer in liquid paraffin 

because of free convection heat transfer in the fluid domain with hot and cold temperature differences. The rate 

of increasing liquid volume fraction in this heat exchanger decreases after about two hours, and eventually, no 

phase change is observed in PCM. 

The reason for this is the assumption of a constant temperature on the shell wall, which is lower than the melting 

temperature of paraffin which facilitate the solidification process near the shell wall. Thus, a maximum of 56% of 

the solid paraffin in the finned heat exchanger with a constant temperature changes phase to liquid, and the rest 

remains solid. On the other hand, due to the insulation, the slope of the paraffin phase change remains almost 

constant over time, and the solid phase becomes completely liquid after about 5 hours. 
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Fig. 13 volume fraction of the PCM with two assumptions of the adiabatic and the constant temperature of the shell wall 

 

Figure 14 presents the average temperature of PCM in cases with an insulated wall shell and constant temperature. 

In both cases, the temperature of the solid paraffin starts to rise from the initial temperature (25°C). The average 

temperature of paraffin in the constant shell temperature case increases at a higher rate, but the temperature rise 

slope decreases after 1 hour. So over time, the average temperature remains almost constant at 47°C, due to the 

thermal balance between the shell's temperature and the tube (hot water). As shown in Figure 14, there is no phase 

changing occurred in paraffin after 4 hours because the paraffin bulk temperature is lower than its melting 

temperature. However, due to the unlimited temperature range in the case of the insulated tube wall, the paraffin 

temperature is continuously increased in the shell-adiabatic case. The average paraffin temperature reaches about 

47°C after 5 hours, and the volume fraction in the paraffin field will equal 1. Based on the results, in case of non-

insulated shell wall, the thermal equilibrium between the melted paraffin adjacent to the wall of the hot water tube 

and the solidified paraffin next to the shell has been established, and the volume fraction of the liquid phase stays 

the same with time. 
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Fig. 14 PCM-temperature against time in cases of adiabatic and fixed temperature conditions in shell wall 

 

As mentioned before, one of the current research goals is to reduce the temperature of the water entering the 

cooling tower. A shell and tube heat exchanger based on phase change material has been used for this purpose. 

The outlet temperature variation of the water in terms of time is shown in figure 4 in two cases, including the 

insulated shell wall and constant temperature.  

Based on what was mentioned before, in the insulating shell wall, paraffin completely changes to the liquid phase 

by the absorption heat of the hot water. However, after 5 hours, the heat exchanger loses its efficiency by 

completely melting the phase change material. As shown in Figure 14, in the earlier time, the temperature at the 

heat exchanger outlet decreased significantly (compared to the inlet temperature, which was 70 degrees). Because 

in the earlier time the paraffin is in solid state and absorbed the heat of the hot water until reached to around the 

melting temperature. Then, the outlet water temperature remains constant for about three hours, indicating the 

melting process of paraffin at a constant temperature. After 4 hours, it can be seen that the outlet water temperature 

increases linearly because as the melting process finished and all the phase change material has turned into the 

liquid phase. Therefore, it is impossible to absorb the heat of the pipe's hot water in the shell, and the heat 

exchanger has lost its efficiency. To utilize the stored energy in the shell, using the cold-water flow in the shell 

part as a heat sink can be a convenient suggestion. Because in the shell side, a two-phase solid-liquid environment 

is permanently established by creating an area whose temperature is lower than the freezing temperature of the 

phase change material. By the way, it is possible to reduce the temperature of the hot water entering the cooling 

tower and increase the temperature of the cold water to supply the needed for consuming hot water or needed in 

the boiler preheating process.  

A comparison of heat exchanger cooling capabilities under different conditions of the shell indicates that the heat 

exchanger functions well and hot water is stable at 64.5 degrees at the outlet. 



 

 

Therefore, if a heat exchanger with stored thermal energy is not desired for any reason (from the thermoeconomic 

point of view), using it in a cold climate can permanently reduce the temperature of the inlet water entering the 

cooling tower. This idea, reducing the inlet temperature of the cooling tower without additional water and power, 

can be a good idea to reduce the water consumption of cooling towers. Of course, it is necessary to examine this 

proposal from a thermoeconomic point of view. 
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Fig. 15 Average outlet water temperature variations with respect to time 

 

1. Conclusion 

This numerical simulation investigates the possibility of reducing the inlet water temperature of a cooling tower 

in a power plant. The hot water temperature is reduced before entering the cooling tower by using a shell and tube 

heat exchanger filled with phase change materials to reduce the water consumed in the cooling tower. The behavior 

of the phase change material and the outlet water temperature in two conditions, including insulated shell wall 

and constant heat temperature, have been studied. In the insulated shell wall, thermal energy can be stored when 

it is absorbed in the melting process and be used to supply the required hot water. By simulating the three-

dimensional, unsteady flow and the enthalpy-porosity method, the melting and solidification processes of the 

phase change material and the temperature changes of hot water have been studied in terms of time. 

The results show that in the case of the insulated shell wall, the heat exchanger will not have a steady performance 

and can reduce the output water temperature only in the first 10 hours. In this situation, using a heat sink to take 

advantage of the stored thermal energy can be an excellent suggestion to maintain permanent performance. 

Conducting cold water with pipes in the shell section of the heat exchanger can absorb the stored heat and cause 

solidification. Therefore, the melting and solidification process on the shell side causes the heat exchanger to have 

a stable performance in reducing hot water temperature. In order to improve the heat transfer rate, fins have been 

connected to the hot water pipe, which has reduced the melting time from 10 hours to 5 hours, which shows that 



 

 

it has had a significant effect on the melting process of the changing material. Also, the performance of the heat 

exchanger has been studied without any insulation in a cold climate region. The results show that if the 

environmental conditions can solidify the melted paraffin, solidification and melting occur near the shell and tube, 

respectively. As a result, it causes the heat exchanger's stable performance in reducing the hot water temperature. 

The thermo-economic analysis of the present idea can examine the economic and engineering aspects of the 

present proposal, which are suggested for future studies. Overall, the current idea could reduce the hot water 

temperature before entering the cooling tower by about 6 ℃, which needs more parameter analysis to optimize the 

PCM-based heat exchanger characteristics regarding the environmental condition and other control parameters, 

which is suggested for future investigations.  

 

Declarations The authors have no competing interests to declare that are relevant to the content of this article.  

 

Funding This research did not receive any specific grant from funding agencies in the public, commercial, or 

not-for-profit sectors.   



 

 

REFERENCES 

[1] B. Xu, S. Bhagwat, H. Xu, A. Rokoni, M. McCarthy, Y. Sun, System-level analysis of a novel air-

cooled condenser using spray freezing of phase change materials, Appl Therm Eng. 131 (2018) 102–

114. https://doi.org/https://doi.org/10.1016/j.applthermaleng.2017.11.145. 

[2] S. Askari, R. Lotfi, A. Seifkordi, A.M. Rashidi, H. Koolivand, A novel approach for energy and 

water conservation in wet cooling towers by using MWNTs and nanoporous graphene nanofluids, 

Energy Convers Manag. 109 (2016) 10–18. 

https://doi.org/https://doi.org/10.1016/j.enconman.2015.11.053. 

[3] F. Mobadersani, A. Rezavand Hesari, Investigation of FHD effects on heat transfer in a 

differentially heated cavity partially filled with porous medium utilizing Buongiorno’s model, The 

European Physical Journal Plus. 136 (2021) 707. https://doi.org/10.1140/epjp/s13360-021-01679-3. 

[4] M. Awais, N. Ullah, J. Ahmad, F. Sikandar, M.M. Ehsan, S. Salehin, A.A. Bhuiyan, Heat transfer 

and pressure drop performance of Nanofluid: A state-of- the-art review, International Journal of 

Thermofluids. 9 (2021) 100065. https://doi.org/https://doi.org/10.1016/j.ijft.2021.100065. 

[5] M. Rahmati, Effects of ZnO/water nanofluid on the thermal performance of wet cooling 

towers, International Journal of Refrigeration. 131 (2021) 526–534. 

https://doi.org/https://doi.org/10.1016/j.ijrefrig.2021.03.017. 

[6] F. Pourfattah, M. Sabzpooshani, Ö. Bayer, D. Toghraie, A. Asadi, On the optimization of a vertical 

twisted tape arrangement in a channel subjected to MWCNT–water nanofluid by coupling numerical 

simulation and genetic algorithm, J Therm Anal Calorim. (2020) 1–13. https://doi.org/10.1007/s10973-

020-09490-5. 

[7] H. Mousavi, S.M.T. Ghomshe, A. Rashidi, M. Mirzaei, Hybrids carbon quantum dots as new 

nanofluids for heat transfer enhancement in wet cooling towers, Heat and Mass Transfer. 58 (2022) 

309–320. https://doi.org/10.1007/s00231-021-03077-y. 

[8] X. Xie, Y. Zhang, C. He, T. Xu, B. Zhang, Q. Chen, Bench-Scale Experimental Study on the Heat 

Transfer Intensification of a Closed Wet Cooling Tower Using Aluminum Oxide Nanofluids, Ind Eng 

Chem Res. 56 (2017) 6022–6034. https://doi.org/10.1021/acs.iecr.7b00724. 

[9] S. Hoseinzadeh, P. Stephan Heyns, Development of a Model Efficiency Improvement for the 

Designing of Feedwater Heaters Network in Thermal Power Plants, J Energy Resour Technol. 144 

(2022). https://doi.org/10.1115/1.4054196. 

https://www.sciencedirect.com/science/article/pii/S1359431117354352?casa_token=SAmqGw15GMQAAAAA:F6QpKAxWDnYAS-EMOg0lKKcarOyCksWKjJ9f4ml1nSuothu3DcbrMmXg8d6SYMs9jE6MX3aVHw
https://www.sciencedirect.com/science/article/pii/S1359431117354352?casa_token=SAmqGw15GMQAAAAA:F6QpKAxWDnYAS-EMOg0lKKcarOyCksWKjJ9f4ml1nSuothu3DcbrMmXg8d6SYMs9jE6MX3aVHw
https://www.sciencedirect.com/science/article/pii/S0196890415010730?casa_token=zW0yZW1yGLcAAAAA:2VY7pgg80Xk2bP34MRodGa8eU561THBLsa9G74q7gKsvEhceF5ElMJoDDbj3W0ikzlTpEpR72Q
https://www.sciencedirect.com/science/article/pii/S0196890415010730?casa_token=zW0yZW1yGLcAAAAA:2VY7pgg80Xk2bP34MRodGa8eU561THBLsa9G74q7gKsvEhceF5ElMJoDDbj3W0ikzlTpEpR72Q
https://link.springer.com/article/10.1140/epjp/s13360-021-01679-3
https://link.springer.com/article/10.1140/epjp/s13360-021-01679-3
https://www.sciencedirect.com/science/article/pii/S2666202721000033
https://www.sciencedirect.com/science/article/pii/S2666202721000033
https://www.sciencedirect.com/science/article/pii/S014070072100116X?casa_token=pwoOjF717lQAAAAA:CR1BcQh_9k611NSOllAbeolSJs29WHFy7kEN_Nrr3DbklDii4m7z5qZxXw1dSkMwd25xS-5EQw
https://www.sciencedirect.com/science/article/pii/S014070072100116X?casa_token=pwoOjF717lQAAAAA:CR1BcQh_9k611NSOllAbeolSJs29WHFy7kEN_Nrr3DbklDii4m7z5qZxXw1dSkMwd25xS-5EQw
https://link.springer.com/article/10.1007/s10973-020-09490-5
https://link.springer.com/article/10.1007/s10973-020-09490-5
https://link.springer.com/article/10.1007/s10973-020-09490-5
https://link.springer.com/article/10.1007/s00231-021-03077-y
https://link.springer.com/article/10.1007/s00231-021-03077-y
https://pubs.acs.org/doi/full/10.1021/acs.iecr.7b00724?casa_token=4DDvYfyirboAAAAA%3As7vAFWOKVTlTYg_sZ6q1fwgNxnErYBZ2g6ti0kasJTyCjdtMv4_BC8MxXMU_yDPNlOl3XDh_t-Y7qbI
https://pubs.acs.org/doi/full/10.1021/acs.iecr.7b00724?casa_token=4DDvYfyirboAAAAA%3As7vAFWOKVTlTYg_sZ6q1fwgNxnErYBZ2g6ti0kasJTyCjdtMv4_BC8MxXMU_yDPNlOl3XDh_t-Y7qbI
https://asmedigitalcollection.asme.org/energyresources/article/144/7/072102/1139827/Development-of-a-Model-Efficiency-Improvement-for?casa_token=fHZ1DBubCloAAAAA:MVNd4Z1WoRLKeSpGFD499EJciNdPNkf8c-fSuxuIZOd2HvwOeWYK67E4Whxl5EKEThqxKkLF
https://asmedigitalcollection.asme.org/energyresources/article/144/7/072102/1139827/Development-of-a-Model-Efficiency-Improvement-for?casa_token=fHZ1DBubCloAAAAA:MVNd4Z1WoRLKeSpGFD499EJciNdPNkf8c-fSuxuIZOd2HvwOeWYK67E4Whxl5EKEThqxKkLF


 

 

[10] E. Assareh, S. Hoseinzadeh, N. Agarwal, M. Delpisheh, A. Dezhdar, M. Feyzi, Q. Wang, D.A. 

Garcia, E. Gholamian, M. Hosseinzadeh, M. Ghodrat, M. Lee, A transient simulation for a novel solar-

geothermal cogeneration system with a selection of heat transfer fluids using thermodynamics analysis 

and ANN intelligent (AI) modeling, Appl Therm Eng. 231 (2023) 120698. 

https://doi.org/https://doi.org/10.1016/j.applthermaleng.2023.120698. 

[11] A. Alizadeh, H. Ghadamian, M. Aminy, S. Hoseinzadeh, H. Khodayar Sahebi, A. Sohani, An 

experimental investigation on using heat pipe heat exchanger to improve energy performance in gas 

city gate station, Energy. 252 (2022) 123959. 

https://doi.org/https://doi.org/10.1016/j.energy.2022.123959. 

[12] S. Rostami, M. Afrand, A. Shahsavar, M. Sheikholeslami, R. Kalbasi, S. Aghakhani, M.S. Shadloo, 

H.F. Oztop, A review of melting and freezing processes of PCM/nano-PCM and their application in 

energy storage, Energy. 211 (2020) 118698. 

https://doi.org/https://doi.org/10.1016/j.energy.2020.118698. 

[13] M. Ghorbany, A. Abedini, H. Kargarsharifabad, A numerical investigation of encapsulated phase 

change materials melting process via enthalpy-porosity approach, Iranian Journal of Chemistry and 

Chemical Engineering. (2022). https://doi.org/10.30492/ijcce.2022.557826.5446. 

[14] S. Kanchipuram Ramalingam, G. K, A. Rifqi Muchtar, S. Seetharaman, D. Bala, A.B. 

Subramanian, karthick velu, P. Rajagopalan, K. S, Preparation and thermophysical properties of ternary 

eutectic composite PCM for thermal energy storage applications, Iranian Journal of Chemistry and 

Chemical Engineering. (2023). https://doi.org/10.30492/ijcce.2023.1999724.5953. 

[15] R. Arivazhagan, N.B. Geetha, P. Sivasamy, P. Kumaran, M. Kumara Gnanamithra, S. Sankar, G. 

Babu Loganathan, A. Arivarasan, Review on performance assessment of phase change materials in 

buildings for thermal management through passive approach, Mater Today Proc. 22 (2020) 419–431. 

https://doi.org/https://doi.org/10.1016/j.matpr.2019.07.616. 

[16] E. Tunçbilek, M. Arıcı, M. Krajčík, S. Nižetić, H. Karabay, Thermal performance based 

optimization of an office wall containing PCM under intermittent cooling operation, Appl Therm Eng. 

179 (2020) 115750. https://doi.org/https://doi.org/10.1016/j.applthermaleng.2020.115750. 

[17] F. Pourfattah, M. Sabzpooshani, Thermal management of a power electronic module 

employing a novel multi-micro nozzle liquid-based cooling system: A numerical study, Int J Heat Mass 

Transf. 147 (2020) 118928. https://doi.org/10.1016/j.ijheatmasstransfer.2019.118928. 

https://www.sciencedirect.com/science/article/pii/S1359431123007275?casa_token=PrqMThTIL_cAAAAA:9yNW4lXZ-eMlCaTHv5nfr3JL2C7Ze6uZ_HmOVCdyy-uAivYi3pMXdkJA_TUg28_XLcco42weGw
https://www.sciencedirect.com/science/article/pii/S1359431123007275?casa_token=PrqMThTIL_cAAAAA:9yNW4lXZ-eMlCaTHv5nfr3JL2C7Ze6uZ_HmOVCdyy-uAivYi3pMXdkJA_TUg28_XLcco42weGw
https://www.sciencedirect.com/science/article/pii/S1359431123007275?casa_token=PrqMThTIL_cAAAAA:9yNW4lXZ-eMlCaTHv5nfr3JL2C7Ze6uZ_HmOVCdyy-uAivYi3pMXdkJA_TUg28_XLcco42weGw
https://www.sciencedirect.com/science/article/pii/S0360544222008623?casa_token=4M7G6f9YslMAAAAA:o69oURZFL3Y2ZmW_bEzc9MKKuLmBOGclCSzzGcgA8JQawo7t2Xkd6X5TzfyrYzCyUaApDauS9A
https://www.sciencedirect.com/science/article/pii/S0360544222008623?casa_token=4M7G6f9YslMAAAAA:o69oURZFL3Y2ZmW_bEzc9MKKuLmBOGclCSzzGcgA8JQawo7t2Xkd6X5TzfyrYzCyUaApDauS9A
https://www.sciencedirect.com/science/article/pii/S0360544222008623?casa_token=4M7G6f9YslMAAAAA:o69oURZFL3Y2ZmW_bEzc9MKKuLmBOGclCSzzGcgA8JQawo7t2Xkd6X5TzfyrYzCyUaApDauS9A
https://www.sciencedirect.com/science/article/pii/S0360544220318065?casa_token=F_SadMIgPrwAAAAA:mOp62tShvcUtF0N-Suiz4pLophefhmrn-PdRc8aImJABRZ-flg09Jjx0tJrF23hbS3_p3N6gdg
https://www.sciencedirect.com/science/article/pii/S0360544220318065?casa_token=F_SadMIgPrwAAAAA:mOp62tShvcUtF0N-Suiz4pLophefhmrn-PdRc8aImJABRZ-flg09Jjx0tJrF23hbS3_p3N6gdg
https://www.ijcce.ac.ir/article_699872.html
https://www.ijcce.ac.ir/article_699872.html
https://www.ijcce.ac.ir/article_708681.html
https://www.ijcce.ac.ir/article_708681.html
https://www.sciencedirect.com/science/article/pii/S2214785319328111?casa_token=2EJMRbueZOsAAAAA:cWcDVHwt2nuFKnFKT-2ieVEgE_uf7oqhHxUKRuDve3myf9XEAMNEQi8sL0WpaPHLCg3n4TFsOg
https://www.sciencedirect.com/science/article/pii/S2214785319328111?casa_token=2EJMRbueZOsAAAAA:cWcDVHwt2nuFKnFKT-2ieVEgE_uf7oqhHxUKRuDve3myf9XEAMNEQi8sL0WpaPHLCg3n4TFsOg
https://www.sciencedirect.com/science/article/pii/S1359431120332324?casa_token=-SrJ1J6lcIUAAAAA:46jx0JikYKEedSxzfgDUDIJ9BJVeJPiD909ejavK1PqGVWMtdNGV_a8t1AZgwwm1VXEGpA9nMA
https://www.sciencedirect.com/science/article/pii/S1359431120332324?casa_token=-SrJ1J6lcIUAAAAA:46jx0JikYKEedSxzfgDUDIJ9BJVeJPiD909ejavK1PqGVWMtdNGV_a8t1AZgwwm1VXEGpA9nMA
https://www.sciencedirect.com/science/article/pii/S0017931019344552?casa_token=v1cv2VGc0ZgAAAAA:HLSIRo4OE0aG6D5GNz4LfE_RPenpRKQpRYK1-wz1MtN4AUvxTERp85vN5JFFm7n5EjeX9vpuAg
https://www.sciencedirect.com/science/article/pii/S0017931019344552?casa_token=v1cv2VGc0ZgAAAAA:HLSIRo4OE0aG6D5GNz4LfE_RPenpRKQpRYK1-wz1MtN4AUvxTERp85vN5JFFm7n5EjeX9vpuAg


 

 

[18] A. Kurhade, V. Talele, T. Venkateswara Rao, A. Chandak, V.K. Mathew, Computational study of 

PCM cooling for electronic circuit of smart-phone, Mater Today Proc. 47 (2021) 3171–3176. 

https://doi.org/https://doi.org/10.1016/j.matpr.2021.06.284. 

[19] W. Hua, L. Zhang, X. Zhang, Research on passive cooling of electronic chips based on PCM: A 

review, J Mol Liq. 340 (2021) 117183. https://doi.org/https://doi.org/10.1016/j.molliq.2021.117183. 

[20] Z.-G. Shen, S. Chen, X. Liu, B. Chen, A review on thermal management performance 

enhancement of phase change materials for vehicle lithium-ion batteries, Renewable and Sustainable 

Energy Reviews. 148 (2021) 111301. https://doi.org/https://doi.org/10.1016/j.rser.2021.111301. 

[21] M. Akgün, O. Aydın, K. Kaygusuz, Experimental study on melting/solidification characteristics 

of a paraffin as PCM, Energy Convers Manag. 48 (2007) 669–678. 

https://doi.org/https://doi.org/10.1016/j.enconman.2006.05.014. 

[22] N.R. Vyshak, G. Jilani, Numerical analysis of latent heat thermal energy storage system, Energy 

Convers Manag. 48 (2007) 2161–2168. 

https://doi.org/https://doi.org/10.1016/j.enconman.2006.12.013. 

[23] Y. Pahamli, M.J. Hosseini, A.A. Ranjbar, R. Bahrampoury, Analysis of the effect of eccentricity 

and operational parameters in PCM-filled single-pass shell and tube heat exchangers, Renew Energy. 

97 (2016) 344–357. https://doi.org/https://doi.org/10.1016/j.renene.2016.05.090. 

[24] M.J. Hosseini, A.A. Ranjbar, K. Sedighi, M. Rahimi, A combined experimental and 

computational study on the melting behavior of a medium temperature phase change storage material 

inside shell and tube heat exchanger, International Communications in Heat and Mass Transfer. 39 

(2012) 1416–1424. https://doi.org/https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028. 

[25] L. Zhang, S. Spatari, Y. Sun, Life cycle assessment of novel heat exchanger for dry cooling of 

power plants based on encapsulated phase change materials, Appl Energy. 271 (2020) 115227. 

https://doi.org/https://doi.org/10.1016/j.apenergy.2020.115227. 

[26] P. Sudhakar, G. Kumaresan, R. Velraj, Experimental analysis of solar photovoltaic unit 

integrated with free cool thermal energy storage system, Solar Energy. 158 (2017) 837–844. 

https://doi.org/https://doi.org/10.1016/j.solener.2017.10.043. 

[27] S.R. Mousavi Baygi, S.M. Sadrameli, Thermal management of photovoltaic solar cells using 

polyethylene glycol 1000 (PEG1000) as a phase change material, Thermal Science and Engineering 

Progress. 5 (2018) 405–411. https://doi.org/https://doi.org/10.1016/j.tsep.2018.01.012. 

https://www.sciencedirect.com/science/article/pii/S2214785321046745?casa_token=jVT-CEGnmRMAAAAA:niY2Ec_TlOcaH3gJoBMuuU5GcPlacFTb-FoTU3E4kO3oTc1EV0-acoGn8zn36K2LQn4PLLEofg
https://www.sciencedirect.com/science/article/pii/S2214785321046745?casa_token=jVT-CEGnmRMAAAAA:niY2Ec_TlOcaH3gJoBMuuU5GcPlacFTb-FoTU3E4kO3oTc1EV0-acoGn8zn36K2LQn4PLLEofg
https://www.sciencedirect.com/science/article/pii/S0167732221019073?casa_token=2cfXtQw0GPkAAAAA:2IMUnpoXM0TIcuMXurRe-L607HXZm6lGYUZIvi2IKSM77aTmh2lDHWlN4-tYwPAwl9NzraVIHA
https://www.sciencedirect.com/science/article/pii/S0167732221019073?casa_token=2cfXtQw0GPkAAAAA:2IMUnpoXM0TIcuMXurRe-L607HXZm6lGYUZIvi2IKSM77aTmh2lDHWlN4-tYwPAwl9NzraVIHA
https://www.sciencedirect.com/science/article/pii/S1364032121005888?casa_token=-hjfP_uoNQIAAAAA:gnrGlqxp29e77OkzXESDt90IywxCBP9SmLecqRerRylGw2-o28t8sgOSASgYNj9UaPSG_yKB2w
https://www.sciencedirect.com/science/article/pii/S1364032121005888?casa_token=-hjfP_uoNQIAAAAA:gnrGlqxp29e77OkzXESDt90IywxCBP9SmLecqRerRylGw2-o28t8sgOSASgYNj9UaPSG_yKB2w
https://www.sciencedirect.com/science/article/pii/S0196890406001786?casa_token=Im5Urtm4CZQAAAAA:ZLPSy0-jnnuKkNocMi-TW_zcv-qOsCS6iBEfEDiiS10O-FjLNFUtPwQ-fVbApfjfymQa0ydvUg
https://www.sciencedirect.com/science/article/pii/S0196890406001786?casa_token=Im5Urtm4CZQAAAAA:ZLPSy0-jnnuKkNocMi-TW_zcv-qOsCS6iBEfEDiiS10O-FjLNFUtPwQ-fVbApfjfymQa0ydvUg
https://www.sciencedirect.com/science/article/pii/S0196890407000040?casa_token=R-KqKuKvsbUAAAAA:puGCvGaMmqZRopNzhwZAuEOSt9OeLP0_-xHX3DLOwM6JO_zDWIdF1jNxQU_TULdUL8va-eAE3Q
https://www.sciencedirect.com/science/article/pii/S0960148116304992?casa_token=ee4MSgyY5_MAAAAA:Wi087yjoSG6t1lTeD39kCG-OJvNnKSDQLL6Vtd5f_ZP2BL1EayUqjY0nJtPl2zm7AiCSeq-r-A
https://www.sciencedirect.com/science/article/pii/S0960148116304992?casa_token=ee4MSgyY5_MAAAAA:Wi087yjoSG6t1lTeD39kCG-OJvNnKSDQLL6Vtd5f_ZP2BL1EayUqjY0nJtPl2zm7AiCSeq-r-A
https://www.sciencedirect.com/science/article/pii/S0735193312001881?casa_token=3d4FaUQ9cPoAAAAA:oTWzZrRcQn2T54B7TMoe46HbiIxRcJWRWGiQYj--V7F30CM_DP5ijz8yjvGiZ2im6Tsjbf6Azw
https://www.sciencedirect.com/science/article/pii/S0735193312001881?casa_token=3d4FaUQ9cPoAAAAA:oTWzZrRcQn2T54B7TMoe46HbiIxRcJWRWGiQYj--V7F30CM_DP5ijz8yjvGiZ2im6Tsjbf6Azw
https://www.sciencedirect.com/science/article/pii/S0735193312001881?casa_token=3d4FaUQ9cPoAAAAA:oTWzZrRcQn2T54B7TMoe46HbiIxRcJWRWGiQYj--V7F30CM_DP5ijz8yjvGiZ2im6Tsjbf6Azw
https://www.sciencedirect.com/science/article/pii/S030626192030739X?casa_token=7hp35gNc-McAAAAA:HMJMQv55DiW8nrl3WDp2x-CCUQtl2Jl_I8aN7BWR3au-Vc-6lk_rZwCnQeCja3DpRTP_E4SuRA
https://www.sciencedirect.com/science/article/pii/S030626192030739X?casa_token=7hp35gNc-McAAAAA:HMJMQv55DiW8nrl3WDp2x-CCUQtl2Jl_I8aN7BWR3au-Vc-6lk_rZwCnQeCja3DpRTP_E4SuRA
https://www.sciencedirect.com/science/article/pii/S0038092X17309118?casa_token=gZXqQASt0j4AAAAA:O9vfKJtoM1Xs-_Kz8IUKCi15NiV_6o2H8AceROGe3AwvV0Q4fSFPSbRdyIXOtylr2ILrFd6E1A
https://www.sciencedirect.com/science/article/pii/S0038092X17309118?casa_token=gZXqQASt0j4AAAAA:O9vfKJtoM1Xs-_Kz8IUKCi15NiV_6o2H8AceROGe3AwvV0Q4fSFPSbRdyIXOtylr2ILrFd6E1A
https://www.sciencedirect.com/science/article/pii/S2451904917301312?casa_token=IF6kss6ZHoYAAAAA:-O2pwZSp-JRmLz46gQt3qruWGW8HxKW2irmMKzlebRqqo1L_qaMKk21bkv1GchKjQu3K8xcB3g
https://www.sciencedirect.com/science/article/pii/S2451904917301312?casa_token=IF6kss6ZHoYAAAAA:-O2pwZSp-JRmLz46gQt3qruWGW8HxKW2irmMKzlebRqqo1L_qaMKk21bkv1GchKjQu3K8xcB3g


 

 

[28] M. Jun Huang, The effect of using two PCMs on the thermal regulation performance of BIPV 

systems, Solar Energy Materials and Solar Cells. 95 (2011) 957–963. 

https://doi.org/https://doi.org/10.1016/j.solmat.2010.11.032. 

[29] M. Sardarabadi, M. Passandideh-Fard, M.-J. Maghrebi, M. Ghazikhani, Experimental study of 

using both ZnO/ water nanofluid and phase change material (PCM) in photovoltaic thermal systems, 

Solar Energy Materials and Solar Cells. 161 (2017) 62–69. 

https://doi.org/https://doi.org/10.1016/j.solmat.2016.11.032. 

[30] N. Abdollahi, M. Rahimi, Heat transfer enhancement in a hybrid PV/PCM based cooling tower 

using Boehmite nanofluid, Heat and Mass Transfer. 56 (2020) 859–869. 

https://doi.org/10.1007/s00231-019-02754-3. 

[31] V.R. Voller, C. Prakash, A fixed grid numerical modelling methodology for convection-diffusion 

mushy region phase-change problems, Int J Heat Mass Transf. 30 (1987) 1709–1719. 

https://doi.org/https://doi.org/10.1016/0017-9310(87)90317-6. 

[32] M. Ghorbany, A. Abedini, H. Kargarsharifabad, A Numerical Investigation of Encapsulated 

Phase Change Materials Melting Process via Enthalpy-Porosity Approach, Iranian Journal of Chemistry 

and Chemical Engineering. 42 (2023) 2275–2285. https://doi.org/10.30492/ijcce.2022.557826.5446. 

[33] M. Algburi, H. Pasdarshahri, M. Maerefat, M. Zabetian Targhi, Numerical Investigation of 

Melting-Freezing Cycle of Phase Change Material PCM Contained in Finned Cylindrical Heat Storage 

Systems Integrated with Nano-Particles Additives, Iranian Journal of Chemistry and Chemical 

Engineering. 42 (2023) 3018–3029. https://doi.org/10.30492/ijcce.2023.563552.5641. 

 

 

https://www.sciencedirect.com/science/article/pii/S0927024810006756?casa_token=pkKOrAbifSgAAAAA:iZjo7qLSxdB2NCyGUloEMdWKOmecOK8O8hacRwXY8sVKyKt--izzzax7YU_uoKeCJ3nMRGs6rw
https://www.sciencedirect.com/science/article/pii/S0927024810006756?casa_token=pkKOrAbifSgAAAAA:iZjo7qLSxdB2NCyGUloEMdWKOmecOK8O8hacRwXY8sVKyKt--izzzax7YU_uoKeCJ3nMRGs6rw
https://www.sciencedirect.com/science/article/pii/S0927024816305037?casa_token=-UJfSpj3EV0AAAAA:tubeXmCR5Bt4Frx4Avpd7pkN-vukIy82Pufr4auZQGuaHm2OvqjpYlhq0LLQ-p2em1rLuk16Wg
https://www.sciencedirect.com/science/article/pii/S0927024816305037?casa_token=-UJfSpj3EV0AAAAA:tubeXmCR5Bt4Frx4Avpd7pkN-vukIy82Pufr4auZQGuaHm2OvqjpYlhq0LLQ-p2em1rLuk16Wg
https://link.springer.com/article/10.1007/s00231-019-02754-3
https://link.springer.com/article/10.1007/s00231-019-02754-3
https://www.sciencedirect.com/science/article/abs/pii/0017931087903176
https://www.sciencedirect.com/science/article/abs/pii/0017931087903176
https://www.ijcce.ac.ir/article_699872.html
https://www.ijcce.ac.ir/article_699872.html
https://www.ijcce.ac.ir/article_701760.html
https://www.ijcce.ac.ir/article_701760.html
https://www.ijcce.ac.ir/article_701760.html

