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Abstract. In this paper a heat absorption unit has been designed to cool the entering hot air. 

For this aim, five slabs of PCM (Phase change material) have been used inside the cooling unit. 

The velocity and temperature values of entering hot air respectively are 0.1 m/s and 50oC. 

Three different cases for PCM design were investigated: in the first case RT 44HC, RT 35HC, 

RT 31, RT 28HC and RT 25HC as phase change materials were used in such a way that the 

PCM with higher number gets contact with the hot air first. In the second and third cases only 

one PCM type were used for the five slabs inside the cooling unit. They are RT 44HC and RT 

25HC. Analysis performed for 10h. Results show that although maximum heat absorbed for the 

first 8h is in the case of only RT 25HC used in the cooling system, after 8h the cooling unit 

with mixed PCM shows a better performance and minimum exit air temperature has been 

observed for this case at the end of 10h. 

1. Introduction 

Phase change materials have been used in many applications such as latent thermal energy storage 

systems, building and automotive applications, thermal protection of electronic devices and foods, 

heat and cold therapy applications and logistics of pharmaceuticals [1-4]. It is also possible to see 

PCMs in many heat exchanger configurations. It is important to select the true PCM for the heat 

exchanger. In this respect the properties of latent heat, phase change temperature range and thermal 

conductivity of PCM play an important role [5]. 

There are many studies on different kinds of heat exchangers taking the advantage of PCM. Raj 

and Velraj [6] made an experimental and numerical study on their developed modular shell and tube 

type heat exchanger. They concluded that air spacers between the modules increase the heat transfer 

by increasing the retention time of air up to the frontal velocity of 2 m/s. Sun et al. [7] experimentally 

investigated the thermal behaviour of PCMs in rectangular slabs inside the wind tunnel. They showed 

that increasing the inclination angle of slab, air inlet temperature and velocity have positive effect on 

the energy charging speed. Saeed et al [8] performed an experimental work on plate type heat 

exchanger working with water and PCM. They obtained the result that the optimum plate-plate 

spacing is 1 in for reducing the PCM shelf-shielding and having a lower exit water temperature. 

Sharma et al. [9] made a numerical study on melting fraction of fatty acids as PCMs. They showed 

that capric acid is the best among investigated PCMs for latent heat storage system. Lopez et al. [10] 

numerically modelled heat exchanger with PCM slabs and exposing to air flow for building 

applications. They also validated their results with experiments. Hed and Bellander [11] presented a 
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mathematical model for PCM air heat exchanger by taking into account the specific heat capacity of 

PCM as a function of temperature. They also verified their model with experiments. Dolado et al. [12] 

made an experimental and numerical study on PCM air heat exchanger. In their model they not only 

took into account temperature dependent enthalpy and thermal conductivity, but also convection inside 

the PCM by using effective conductivity. They concluded that an enhancement of the PCM thermal 

conductivity causes insignificant improvement on the thermal performance of thermal energy storage 

unit and 1 oC mismatching in the temperature of PCM enthalpy-temperature curve can cause relative 

errors up to 20 % in the power curve of thermal energy storage unit. 

In this study a new design for the PCM air heat exchanger has been proposed. In the cooling unit 

five PCMs were used to cool the entering hot air. Three different cases were investigated. While in the 

first case five different types of PCMs were used, in other cases only RT 44HC and RT 25HC were 

used respectively.  

 

2. Material and Method 

The design of the investigated air cooling unit has been presented in figure 1 for three different 

investigated cases. The inlet air temperature is 50 oC. As it can be shown in figure 1, the PCM which 

has the highest melting temperature gets contact with the hot air first in the case of a, while in other 

cases only one type of PCM is used. 

 

 

 

 

 

 

 

 

 

 
   

 

 a)  with mixed PCM b)  with RT 44HC c)  with RT 25HC 

Figure 1. Cooling unit configurations. 

 

Geometric dimensions of the cooling unit, thermophysical properties of air and PCMs are given in 

Table 1 and 2 respectively. Temperature dependent expressions of density, thermal conductivity and 

dynamic viscosity values of air have been obtained in the range of 20oC-50oC by cure fitting in Sigma 

Plot. 

Table 1. Geometric dimensions and thermophysical properties. 

x1 (m) 0.11 

y1 (m) 0.01 

𝑐𝑝 (J/kgK) 1007                                      [13]     

𝜌 (kg/m3) 1.2772-3.7∙10-3 T (oC)           [13]       R2 = 0.9991 

𝜇 (kg/m s) 1.7337∙10-5+4.6∙10-8 T (oC)   [13]       R2 = 0.9999  

𝑘 (W/m K) 2.37∙10-2+7.3786∙10-5T (oC)  [13]       R2 = 1 

 

The governing equations are given below. 
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Table 2. Thermophysical properties of PCMs. 

PCM type 𝜌𝑃𝐶𝑀 (kg/m3) 𝑐𝑃𝐶𝑀 (kJ/kgK) 𝑘𝑃𝐶𝑀 (W/mK) 𝐿 (kJ/kg) 𝑇𝑠 (oC) 𝑇𝑙 (
oC) 

RT 44HC [14] 750 2 0.2 220 41 44 

RT 35HC [14] 825 2 0.2 210 34 36 

RT 31       [14] 820 2 0.2 155 27 33 

RT 28HC [14] 825 2 0.2 220 27 29 

RT 25HC [14] 825 2 0.2 180 22 26 

 

Energy equation for PCM: 

 𝜌𝑃𝐶𝑀𝑐𝑃𝐶𝑀
𝜕𝑇

𝜕𝑡
= 𝑘𝑃𝐶𝑀 (

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2) + 𝑆𝐻 (1) 

 𝑆𝐻 = −𝜌𝑃𝐶𝑀𝐿
𝜕𝛽

𝜕𝑇

𝜕𝑇

𝜕𝑡
 (2) 

 𝛽 = {

0                      𝑖𝑓 𝑇 ≤ 𝑇𝑠
𝑇−𝑇𝑠

𝑇𝑙−𝑇𝑠
            𝑖𝑓 𝑇𝑠 < 𝑇 < 𝑇𝑙

1                     𝑖𝑓 𝑇 ≥ 𝑇𝑙

 (3) 

where 𝑆𝐻 is the source term, L is the latent heat, 𝛽 is the melt fraction, 𝑇𝑠 and 𝑇𝑙 are solidified and 

liquefied temperatures respectively.  

Continuity and momentum equations for air: 

 
𝜕𝜌

𝜕𝑡
+

𝜕𝜌𝑢

𝜕𝑥
+

𝜕𝜌𝑣

𝜕𝑦
= 0 (4) 

 𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = −

𝜕𝑃

𝜕𝑥
+

𝜕

𝜕𝑥
(𝜇

𝜕𝑢

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜇

𝜕𝑢

𝜕𝑦
) −

2

3

𝜕

𝜕𝑥
(𝜇 (

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
)) (5) 

𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
) = −

𝜕𝑃

𝜕𝑦
+

𝜕

𝜕𝑥
(𝜇

𝜕𝑣

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜇

𝜕𝑣

𝜕𝑦
) −

2

3

𝜕

𝜕𝑦
(𝜇 (

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
)) (6) 

Energy equation for air: 

 𝜌𝑐𝑝 (
𝜕𝑇

𝜕𝑡
+ 𝑢

𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
) =

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) (7) 

Initial and boundary conditions are given bellow. 

 
𝑇 = 𝑇𝐻 = 50𝑜𝐶

𝑉 = 𝑉𝑖𝑛 = 0.1𝑚/𝑠
}    for the inlet of the cooling unit (8) 

 
𝑃 = 𝑃𝑜 = 0

 
𝜕𝑇

𝜕𝑥
= 0

}    for the outlet of the cooling unit (9) 

 
𝑢 = 0
𝑣 = 0

}    on walls (10) 

 
𝜕𝑇

𝜕�⃗� 
= 0  on the outer surfaces of the cooling unit (11) 

 
 1 2

1 2

0n q q

T T

   


 
on contact surfaces of PCM and air (12) 

where �⃗�  is unit normal vector, 1 and 2 represent air and PCM respectively. 

 

    𝑢 = 0
    𝑣 = 0
   𝑃 = 0

𝑇 = 𝑇0 = 20𝑜𝐶

}        if t=0 (13) 

In this study, as the thickness of PCM slabs are thin, the effect of natural convection in the liquid 

phase in PCM is neglected. The average temperature of the cooled outlet air has been calculated and 
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presented for all the investigated configurations of the cooling unit. Analysis has been performed in 

Comsol Multiphysics finite element and simulation software for 10h. 

 𝑇𝐶 =
1

𝐴𝑜𝑢𝑡
∫ 𝑇𝑑𝐴
𝐴𝑜𝑢𝑡

 (14) 

Absorbed heat from the hot air during the process has been calculated according to equation (15). 

 �̇�𝑎𝑏𝑠 = �̇�𝑎𝑖𝑟𝑐𝑝(𝑇𝐻 − 𝑇𝑜𝑢𝑡,𝑎𝑣𝑒) = �̅�𝑉𝑖𝑛𝐴𝑐𝑐𝑝(𝑇𝐻 − 𝑇𝐶) (15) 

where �̇�𝑎𝑖𝑟 is the mass flow rate of air, �̅� is the density of air at 35 oC (�̅� =1.145 kg/m3) and 𝐴𝑐 is the 

cross section area perpendicular to the air flow. Although we took temperature dependent air density 

expression in the analysis as it effects the exit air temperature, it was an obligation to use a constant 

density value for the air in the calculation of absorbed heat. The value of 𝐴𝑐 is 0.001 m2 as the depth 

perpendicular to the x-y plane was taken as 0.1 m. 

 

3. Results and Discussion 

Free triangular mesh has been used in the analysis as shown in figure 2. Six different mesh types with 

different number of elements were investigated in mesh dependency analysis as it can be seen on 

Table 3. Mesh type with number 6 has been used in the analysis. Validation of this code has also been 

shown in our previous study [15]. 

 
Figure 2. Geometry with mesh.  

Table 3. Mesh dependency study. 

Mesh type no Number of Elements 𝑇𝑜𝑢𝑡,𝑎𝑣𝑒 (oC) at t = 10 h 

1 3253 28.4629 

2 5005 28.8838 

3 17121 29.2522 

4 51355 29.5612 

5 57371 29.6260 

6 78682 29.9473 

 

Simulational results for temperature distribution have been presented for cooling unit designs with 

mixed PCM, RT 44HC and RT 25HC in figure 3, 4 and 5 respectively. In the case of mixed PCM, the 

PCM plate, which has the highest melting temperature, gets in contact with the entering hot air first. It 

has been shown that RT 44HC, RT 35HC, RT 31, RT 28HC and RT 25HC start to phase change after 

1 hour and they are continuing to phase change after 5 h. RT 35HC and RT 31 complete phase 

changing process while others are still continuing absorbing heat by phase changing at the end of the 

investigated time of 10h. 
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t = 1h t = 5h t = 10h  

Figure 3. Temperature distribution in the cooling unit with mixed PCM. 

 

 

 

 

 

  
t = 1h t = 5h t = 10h  

Figure 4. Temperature distribution in the cooling unit with RT 44HC. 

 

 

 

 

 

  

t = 1h t = 5h t = 10h  

Figure 5. Temperature distribution in the cooling unit with RT 25HC. 

 

In the case of only RT 44HC is used, only the first PCM which is close to the entrance of hot air 

starts to phase change after 1 hour. Only three PCM slabs close to the entrance of hot air are in the 

process of phase change, while others are at the temperature below solidified temperature after 5h. The 

first PCM which is close to the entrance of hot air almost completes phase change process and others 

are in the process of phase change at the end of 10h. 

In the case of only RT 25HC is used, only three PCM slabs close to the entrance of hot air are in 

the process of phase change and others are at temperature below solidified temperature at the end of 

1h. Only three PCM slabs, which are close to the exit, absorb heat by phase changing and other two 

PCM slabs are highly above the liquefied temperature at the end of 5h. The PCM slab close to the exit 

is about to complete phase change while others are highly above the liquefied temperature after 10h. 
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On the other hand, the average temperature of the air at the exit has presented for all the 

investigated configurations of the cooling unit as seen in figure 6. It has been observed that until 8h 

the values of exit air temperature for the cases of mixed PCM and RT 25HC are very close to each 

other and the minimum exit air temperature is seen for the case of mixed PCM at the end of 10h. The 

exit air temperature increases rapidly until solidified temperature and then stays constant around this 

temperature for the case of RT 44HC. In that case average value of the exit air temperature of the air is 

relatively higher than other cases. Because latent heat has more important effect on the cooling process 

than sensible heat, solidified temperature of RT 44HC is higher than that of other investigated PCMs 

and at the beginning of the process in the case of RT 44HC heat is absorbed from hot air in the form of 

sensible heat rather than latent heat. Increase on the average value of the exit air temperature has been 

observed after the process of phase change in the PCM slabs complete. Figure 7 shows the absorbed 

heat from the hot air as a function of time for all the investigated cooling unit designs. When solidified 

temperatures of PCMs have lower values, phase change process starts more quickly as it can be seen 

for the cases of mixed PCM and RT 25HC and during the phase change more heat is absorbed from 

the air. On the other hand, according to equation (15), absorbed heat is directly proportional to 

(𝑇𝐻 − 𝑇𝐶). When phase change continues inside the PCM slabs in the case of RT 44HC, the exit air 

temperature is higher and as a result absorbed heat is lower. 
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Figure 6. Average temperature of the exit air Figure 7. Absorbed heat 

 

4. Conclusion 

In this research, three different configurations of cooling unit design with PCMs have been 

investigated. Cooling units with mixed PCM, RT 44HC and RT 25HC were investigated. In the case 

of mixed PCM, increasing the absorbed heat was aimed by satisfying the PCM with the highest 

solidified temperature to get contact first with the hot air. It has been observed that during first 8h 

cooling unit performances with mixed PCM and RT 25HC are very close to each other and they are 

better than the case of only RT 44HC is used. The cooling unit design with mixed PCM shows a better 

performance by absorbing more heat after 8h. 

 

Nomenclature 

A: Area (m2) 

𝐴𝑐: Cross section area perpendicular to the air flow (m2) 

𝐴𝑜𝑢𝑡: Cross section area perpendicular to the air flow at the outlet (m2) 

𝑐𝑝: Specific heat of air (J/kgK) 

𝑐𝑃𝐶𝑀: Specific heat of phase change material (J/kg·K) 
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𝑘: Thermal conductivity of air (W/m K) 

𝑘𝑃𝐶𝑀: Thermal conductivity of phase change material (W/m K) 

L: Latent heat (J/kg) 

�̇�𝑎𝑖𝑟: Mass flow rate of air (kg/s) 

�⃗� : Unit normal vector 

𝑃: Pressure (Pa) 

𝑃𝑜: Pressure at the outlet (Pa) 

�̇�𝑎𝑏𝑠: Absorbed heat (W) 

𝑞 : Heat flux vector (W/m2) 

𝑆𝐻: Source term (W/m3) 

T: Temperature (oC) 

𝑇0: Initial temperature (oC) 

𝑇𝐶: Cooled air temperature (oC) 

𝑇𝐻: Hot air temperature (oC) 

𝑇𝑠: Solidified temperatures (oC) 

𝑇𝑙: Liquefied temperatures (oC) 

t: time (s, h) 

𝑢: Velocity in x direction (m/s) 

𝑉𝑖𝑛: Inlet velocity (m/s) 

𝑣: Velocity in y direction (m/s) 

x, y: Coordinates 

x1: Length of the PCM plates (m) 

y1: Width of the PCM plates (m) 

 

Subscripts 

1, 2: Represent air and PCM respectively 

 

Greek symbols 

𝛽: Melt fraction 

𝜇: Dynamic viscosity of air (kg/m s) 

𝜌: Density of air (kg/m3) 

�̅�: Density of air at the mean temperature (kg/m3) 

𝜌𝑃𝐶𝑀: Density of phase change material (kg/m3) 
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