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Abstract 

Organic phase change materials (PCMs) are a useful and increasingly popular choice for thermal 

energy storage applications such as solar energy and building envelope thermal barriers. These 

outdoor conditions greatly affect the performance of PCM envelopes. This project studies the effect 

of different parameters on energy transfer through the cavity. These parameters are PCM material, 

heat flux gain (solar radiation), and time-period (day hours). One parameter was changed at a time 

while others kept the same. This model was simulated numerically using ANSYS FLUENT software. 

It was found that linoleic acid provides the highest right side surface heat flux meaning it provides 

the lowest thermal resistance. On the other hand, Tricosane found to provide the lowest right side 

surface heat flux, meaning it provides the highest thermal resistance. Also, higher heat flux gain from 

the left side results in higher surface heat flux on the right side. For longer days (q < 1), the PCM was 

in liquid form for longer time, which means less conduction while for shorter days (q > 1), the PCM 

was in solid form for longer time. 

Keywords: Phase Changing Material (PCM); thermal energy storage; numerical simulation; heat 

transfer; solar energy 

 

1. Introduction 

Organic PCMs are a suitable medium for storing thermal energy. Types of phase change 

materials include simple alkene chains like Heneicosane, C21H44, and unsaturated fatty acids like 

Oleic Acid, C18H34O2. These materials have been proposed as viable energy storage mechanisms 

through the large enthalpy of fusion and convenient temperature associated with their solid-liquid 

phase transition [1,2]. 

The importance of thermal energy storage (TES) lies in the ability to balance energy supply and 

demand during heating and cooling periods. This is beneficial to energy savings as well as to 

environmental as renewable energy sources could be utilized reducing reliance on fossil fuels. 

Nowadays, many TES technologies are available commercially for water and air systems [3]. Some 

advantages of TES are efficiency increase, energy savings, better economy, and environmental 

friendliness [4]. Also, PCM is transportable and allows small volumes to store large amounts of 

energy resulting in low-cost storage [5]. 

Types of PCMs include popular organic PCMs, which are most common for cooling systems 

because of their ability to store large amounts of energy. On the other hand, inorganic PCMs have 

better thermal conductivity compared to organic PCMs [6]. Several criteria govern selection of the 

appropriate PCM type such as amount of heat of fusion, melting temperatures, solidification or 

melting temperature range, crystallization, and application [7]. 

There are several applications for PCMs. One application of PCMs lies in their ability to store 

solar energy during the day through melting and release the stored energy during the night through 

solidification [8–14]. A second application involves using phase change materials for building 

envelope thermal barriers [15–23], where PCMs store heat during the day that is then used to heat 
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the house during the night. This application would be most viable in desert locations due to warm 

days and cold nights. A third application involves the passive cooling of portable electronics where 

paraffin wax can cycle between melting and solidification to handle the intermittent thermal loads of 

mobile devices [24–26]. 

Researchers have worked on several PCM applications. Electronic devices are becoming more 

popular with new smart technologies evolving. PCMs can improve the device performance by 

cooling down electronic circuits which will save energy consumption as well [27,28]. Researchers also 

tackled solar energy sector utilizing PCMs in technologies such as solar thermal collectors and 

photovoltaic (PV) systems. This integration is useful as solar energy is abundantly available during 

morning time while it’s unavailable during nighttime. Extra energy in daytime could be stored to be 

used during nighttime [29,30]. Another important sector is thermal barriers, which could significantly 

reduce cooling or heating loads in buildings leading to essential economic savings [31,32]. 

Researchers have employed PCM technology in traditional building bricks to increase their 

thermal performance and reduce energy consumption. There are two different approaches to 

integrate PCM in building bricks: direct and indirect methods. Examples of direct method are mixing, 

immersing, and filling while indirect method examples are macro- encapsulation, micro-

encapsulation, and form-stabilization. Mahdaoui et. al. [33] studied hollow bricks to improve their 

thermal performance. They conducted a numerical analysis for 12 types of hollow bricks impregnated 

with PCM material. Their results showed better stabilization of the building inner wall temperature. 

Hawes et. al. [34], on the other hand, stated that PCM impregnation with concrete could increase the 

walls thermal storage capacity up to 130%. On the other hand, many PCM types are unsuitable for 

impregnation with concrete. Therefore, they studied three different types of PCM: butyl stearate, 

dodecanol and polyethylene glycol 600. They found that all three were compatible with autoclaved 

concrete block. Memon [35] has tested different methods to determine chemical compatibility and 

thermal properties of the PCM. He concluded that integration of PCM in buildings requires careful 

choice of a PCM type depending on applications and thermo-physical properties. Zhu et. al. [36] studied 

classification and applications of Shape-stabilized phase change materials (SSPCMs) used in building 

envelope. He found that both numerical and experimental research work reduce energy demands. 

Although phase change materials have a high enthalpy of fusion, they have relatively low 

thermal conductivity. Paraffin can have a thermal conductivity as low as 0.2 W/m K [37] which is 3-

4 orders of magnitude smaller than common metals. This low thermal conductivity can influence the 

performance of phase change material applications, since heat becomes localized within certain parts 

of the PCM. 

The effectiveness of phase change materials is largely dependent upon their thermal penetration 

[1]. The thermal penetration of a material can be quantified by the thermal diffusivity 𝛼𝑡ℎ, which is 

expressed as a function of thermal conductivity 𝑘, mass density 𝜌, and mass-based heat capacity 𝐶𝑝, 

as in equation 1: 

𝛼𝑡ℎ =
𝑘

𝜌𝐶𝑝
 (1) 

Even though there is plenty of work done on PCMs and their different applications, there is still 

more work needed to study and explore. Work on building thermal barriers exposed to solar energy 

application is still under consideration for more development and improvement. There is a need to 

study many parameters and their effect on the performance on PCM building envelope. 

This project studies PCM in a 2-D square enclosure exposed to solar heat flux on one side and 

convection heat transfer on the other side. The value and time exposure of the solar heat flux on the 

one side represents the exposure to solar energy over a full 24 hours of day and nighttime. The effects 

of three parameters were studied: PCM material, solar heat flux gain from left side and daytime time-

period τq. Heat flux and average temperature on the right-side wall were plotted and examined. 
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2. Mathematical Model 

2.1. Physical Model and Simulation Methodology 

The mathematical model in hand is a 2-dimensional quadratic enclosure confined space with a 

thin wall filled with Heneicosane PCM, Figure 1. This problem is a transient problem that studies the 

melting and solidification of the PCM material throughout a whole day of operation. The enclosure 

is exposed to heat flux gain from left side that represents sunlight while it is exposed to convection 

heat transfer on right side with a temperature T∞ = 308 oC and heat transfer coefficient ho = 5 W/m2.K. 

Top and bottom boundaries are insulated. The heat flux gain from left side is expressed in such a way 

to consider variable heat flux during an entire day. Equation 2 is used to express the variable heat 

flux sinusoidal behavior on the left side during an entire day. The value depends on constant heat 

flux gain qo = 200 W/m2, and time-period q = 86400 s-1. 

 

Figure 1. Schematic drawing for the model. 

𝑞 = 𝑞𝑜 ∗ sin⁡(2 ∗ 𝜋 ∗
𝑡

𝜏𝑞
) (2) 

Dimensions of the enclosure are taken as 8.89 cm in width and 6.35 cm in height. This is done to 

match an experimental setup done by Gau and Viskanta [38]. Heneicosane properties are given in 

Table 1 by O’conner [39]. The density model was used as Boussinesq model to represent the melting 

and solidification process in the simulation. The gravitational force was taken into consideration to 

simulate the buoyant forces in the model. 

Table 1. Heneicosane thermophysical properties. 

Property Symbol Value Units 

Density  772 kg/m3 

Thermal Capacity Cp 2,390 J/kg.K 

Thermal Conductivity k 0.145 W/m.K 

Dynamic Viscosity  0.008 kg/m.s 

thermal coefficient of expansion  0.0005 K-1 

Melting Heat Hf 295,000 J/kg 

Solidus Temperature  311.5 K 

Liquidus Temperature   312.5 K 

FLUENT was used to model the described above case and solve for the temperature profile and 

wall heat fluxes. The governing equations 3 - 6 were solved by a pressure-based solver setting implicit 

formulation using PISO algorithm for pressure-velocity coupling scheme, PRESTO as the 

discretization method for pressure and a second order upwind discretization for both momentum 

and energy evaluations [40]. 

𝜕𝑢

𝜕𝑥
+
𝜕𝑣

𝜕𝑦
= 0 (3) 
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𝜌 (𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = −⁡

𝜕𝑃

𝜕𝑥
+ 𝜇 (

𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
) + 𝑋 (4) 

𝜌 (𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
) = −⁡

𝜕𝑃

𝜕𝑦
+ 𝜇 (

𝜕2𝑣

𝜕𝑥2
+
𝜕2𝑣

𝜕𝑦2
) + 𝑌 (5) 

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
= 0 (6) 

2.2. Grid Test 

The grid test was done for a 2-dimensional model. Three different grid systems were tested for 

accuracy, Figure 2. Each time the edge intervals of the grid were doubled. The three grid systems had 

50 x 50 cells, 100 x 100 cells and 200 x 200 cells. The case was run for 17280 time-steps with 5 seconds 

considered for each time-step. That is equivalent for one full day. A second day was run as well to 

avoid initial condition effects. The average surface temperature on the right side was monitored and 

printed each time step. This parameter was taken as a measure for grid independence. Total heat 

transfer flux over a full day and the thermal system efficiency were calculated, equation 7 – 9. 

𝑄𝑟 = ∫ |𝑞𝑟
′′|𝑑𝑡

𝜏𝑜

0

 (7) 

𝑄𝑙 = ∫ |𝑞𝑙
′′|𝑑𝑡

𝜏𝑜

0

 (8) 

𝜂𝑡ℎ = (1 −
𝑄𝑟

𝑄𝑙

) ∗ 100 (9) 

 

Figure 2. Grid test for 3 different mesh systems for comparison. 

Symbol 𝑞𝑟
′′ is denoted for the total heat flow flux on right side of the system per second and 

symbol 𝑞𝑙
′′ is denoted for the total heat flux rate on left side of the system per second. Errors were 

calculated by comparing the resulting ones of each grid system to those of 200 x 200 grid system. 

Table 2 shows the resulting errors for the first and second day. Cell independence was assumed to be 

accomplished when the errors of temperatures were less than 0.25%. It was decided to consider the 

100 x 100 cells grid model. We now try to select the appropriate time-step. 
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Table 2. Error for average temperature and efficiency parameters at the right side at different grid systems. 

 First day run Second day run 

Average parameters on right 

side along edge 
50x50 100x100 50x50 100x100 

Temperature, Average Error 

% compared to 200x200 
0.4684 % 0.2473 % 0.4877 % 0.2490 % 

Efficiency, Average Error % 

compared to 200x200 
0.04651 % 0.02765 % 0.05795 % 0.03083 % 

2.3. Time Step Selection 

Time step test was done using 100 x 100 grid system chosen from grid test. Three different time 

steps were used: 10 seconds, 5 seconds and 3 seconds. The average surface temperature on the right 

side was monitored. This parameter was taken as a measure for time step independence. The case 

was run for several time-steps equivalent to one full day, as done in the grid test. A second day was 

run as well to avoid initial condition effects. The results were printed every 30 seconds so that 

comparison can be made at the same time of the day. Two parameters were printed and calculated: 

right side average surface temperature and efficiency. Table 3 shows the resulting errors. Errors were 

calculated by comparing the results to those of 3 second time-step. Time step independence was 

assumed to be accomplished when the errors of temperatures were less than 0.5%. It was decided to 

consider the time step of 5 seconds for this study. 

Table 3. Error for average temperature and efficiency parameters at the right side using different time 

steps. 

 First day run Second day run 

Average parameters on right 

side along edge 
10 seconds 5 seconds 10 seconds 5 seconds 

Temperature, Average Error 

% compared to 3 seconds 
0.3235 % 0.04177 % 0.3388 % 0.05028 % 

efficiency, Average Error % 

compared to 3 seconds 
0.04130 % 0.005230 % 0.04372 % 0.006251 % 

2.4. Initial Condition Effect 

Now we know the grid system and the time-step needed for this case. We now want to eliminate 

the effect of the initial condition by running the case for several days. This is to know when we would 

have similar results for each day. This was on geometry of 1 cm x 1 cm. Later all cases were done for 

2 days only with 8.89 cm x 6.35 cm. The case was run with a 100 x 100 grid system and 5 second time-

step for 69120 steps. This is equivalent to 4 days. The average surface temperature and heat transfer 

flux on the right side were monitored for efficiency and error calculation. The 3 parameters 

considered for error calculations are: right side average surface temperature, right side heat transfer 

flux during one full day, and the system efficiency for one day (equation 10). 

𝜂𝑡ℎ = (1 −
𝑄𝑜𝑢𝑡

𝑄𝑖𝑛

) ∗ 100 (10) 

Symbol Qout,s is denoted for the total heat flow rate leaves the system during a full day and 

symbol Qin,s is denoted for the total heat flow rate enters the system during a full day. Figure 3 shows 

the right-side average surface temperature on the right side along 4 different days. Only the first day 

has different initial condition than the other days. Errors were calculated by comparing the result to 

those of the fourth day. Table 4 shows the resulting errors. Time independence was assumed to be 
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accomplished when the errors of temperatures were less than 0.5%. It was decided that the 2nd day 

is sufficient to eliminate the initial condition effect for this study. 

 

Figure 3. Average temperature on the right-hand side over a full day for 4 days 

Table 4. Error for average temperature and efficiency parameters at the right side for several days of 

operation. 

 Error compared to 4th day results 

Average parameters on right hand side  

along edge 
First day Second day Third day 

Temperature, Average Error %  

compared to 4th day 
0.1763 % 0.01080 % 0.001704 % 

Heat transfer rate, Average Error %  

compared to 4th day 
26.58 % 0.1007 % 0.003386 % 

Efficiency, Average Error %  

compared to 4th day 
0.0009194 % 0.00006136 % 0.00000181 % 

2.5. Numerical Model Validation 

Our model is now to be validated by comparison to existing experimental results from the 

literature, Gau and Viskanta [38]. They studied melting and solidification of pure metal 

experimentally on a vertical wall. They used a rectangular test cell with 8.89 cm in height, 6.35 cm in 

width, and 3.81 cm in depth. The front and back walls were insulated with air gaps. The horizontal 

temperature distribution in the central region along the top wall, center line, and bottom wall were 

measured with 69 nested thermocouples. The PCM material used was Gallium with 99.6 % purity. 

Gallium is highly anisotropic. In our numerical model we used a close-to-average constant thermal 

conductivity for Gallium. Table 5 shows properties for Gallium were used in our model [39]. They 

used pour-out method and probing method to examine and measure the solid-liquid interface. 
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Table 5. Gallium thermophysical properties. 

Property Symbol Value Units 

Liquid density,   6093 Kg/m3 

Mass-based heat capacity, Cp Cp 381.5 J/kg.K 

Thermal conductivity, k k 32.0 W/m.K 

Dynamic viscosity,   1.81e-3 Pa.s 

Thermal coefficient of expansion,   1.2e-4 K-1 

Latent heat of fusion, ΔHf Hf 80.16 kJ/kg 

Melting temperature, Tm  302.93 K 

Figure 4 shows a good agreement between our numerical work and the experimental work up 

to 10 minutes. The difference between the numerical and experimental work could be due to many 

reasons, one of which using approximated isotropic thermal conductivity. 

 

Figure 4. Comparison between experimental and numerical results. 

3. Results and Discussion 

Three parameters were studied: PCM material, heat flux gain from left side and time-period τq. 

Heat flux and average temperature on the right side were plotted and examined. 

Figure 5 shows the right-side surface heat flux over a full day for different PCM materials. It is 

obvious that linoleic acid provides the highest right side surface heat flux while Tricosane provides 

the lowest. This could be explained by linoleic acid having the lowest melting temperature and 2nd 

lowest heat diffusion ΔHf (in kJ/kg) while Tricosane having 2nd highest melting temperature and 

highest heat diffusion Hf (in kJ/kg). The heat transfer during the cooling period is taken as absolute 

value. This is done to have correct efficiency calculations, and it is carried out for the right-side surface 

heat flux throughout the rest of this paper. 
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Figure 5. Effect of PCM material on the right-side surface heat flux. 

Figure 6 shows the right-side average surface temperature over a full day for different PCM 

materials. Each PCM material has its own melting temperature and cases were run at initial and 

ambient temperatures 4 oC below its melting temperature. Liquidus and solidus temperatures are 

chosen to be 0.5 oC about the melting temperature. Properties of all PCM material used in this section 

are given in Table 6 [39]. Viscosity and thermal expansion are taken as 0.008 kg/m.s and 0.0005 K-1 

respectively for all PCM materials. The heating of liquid and cooling of solid can be seen easily with 

melting and solidification in between. The slight edge shown at the start of 2nd day is because it is 

starting at the heating solid catching up from previous day 

 

Figure 6. Effect of PCM material on the right-side average surface temperature. 

Table 6. Thermophysical properties for different PCM materials [41–48]. 

PCM material Tm (K)  (kg/m3) Cp (kJ/kg.K) K (W/m.K) ΔHf (kJ/kg) 

Heneicosane 312 772 2.39 0.145 295 

Tricosane 319 778 2.18 0.124 303 

Tetracosane 323 774 2.92 0.137 208 

Oleic Acid 287 871 1.74 0.103 140 

Linoleic Acid 265 902 1.92 0.087 170 
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Figure 7 shows the right-side surface heat flux over a full day for different heat flux gain from 

the left side. It is easily concluded that higher heat flux gain from the left side results in higher surface 

heat flux on the right side. The increase rate of right-side surface heat flux is almost proportional to 

those of heat flux gain from the left side 

 

Figure 7. Effect of heat flux gain from the left side on the right-side heat transfer flux. 

Figure 8 shows the right-side average surface temperature over a full day for different heat flux 

gain from left side. It could be easily seen that higher heat flux gain from the left side results in higher 

liquid temperatures and lower solid temperatures as heating and cooling spans. It also could be seen 

that the melting and solidification time laps shorten as the heat flux gain from left side increase. Note 

that the heat flux gain from left side qo chosen to provide adequate melting and solidification process 

for Heneicosane properties and conditions of original case 

 

Figure 8. Effect of heat flux gain from the left side on the right-side average surface temperature 

Figure 9 and Figure 10 show the right-side surface heat flux and average surface temperature 

over a full day for different daytime hours, respectively. Longer daytime will expose the left side of 

the enclosure for longer time to the heat flux gain from the left side causing change in melting and 

solidifying durations. A piecewise sinusoidal function was implemented to model different daytime 

hours during a full day, equation 11. In case of longer days (τq < 1) the PCM was in liquid form for 

longer time but in solid form for shorter time. In this case the PCM material stays in solid form 

towards the end of the day, which means that the next day will start while it is in solid form with low 

temperature. In case of shorter days (τq > 1) the PCM was in liquid form for shorter time but in solid 

form for longer time. In this case it starts to liquidize again towards the end of the day. 
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𝑞 = 𝑞𝑜 ∗ sin⁡(
𝜋∗𝑡

3600∗ℎ
) 𝑖𝑓⁡𝑡 < 3600 ∗ ℎ 

𝑞 = −𝑞𝑜 ∗ sin⁡(
𝜋∗(𝑡−3600∗ℎ)

86400−3600∗ℎ
) 𝑖𝑓⁡𝑡 > 3600 ∗ ℎ 

(11) 

where  qo = 200 W/m2 and h = daytime hours. 

 

Figure 9. Effect of daytime hours on the right-side surface heat flux over a full day. 

 

Figure 10. Effect of daytime hours on the right-side average surface temperature over a full day. 

4. Conclusions 

A 2-D numerical study was conducted on a PCM square enclosure containing Heneicosane and 

other different PCM materials. The enclosure was exposed to solar radiation on one side (left) and 

indoor convection condition on the other side (right). The grid test was done for a 2-dimensional 

model and 100 x 100 cells resulted errors of temperatures less than 0.25%. Time step test was done, 

and 5 seconds time step resulted in errors of temperatures less than 0.5%. Eliminating the initial 

condition effect was done by running the case for four days. The second day showed errors in 

temperatures of less than 0.5%. The model finally was validated by comparison to existing 

experimental results from the literature. This project studied different PCM materials, different heat 

flux gain and different daytime hours. Linoleic acid provided the highest right side surface heat flux 

while Tricosane provided the lowest. Higher heat flux gain from the left side resulted in an increase 

of the surface heat flux on the right side. For longer days (τq < 1), the PCM was in liquid form for 

longer time but in solid form for shorter time. For shorter days (τq > 1), the PCM was in liquid form 

for shorter time but in solid form for longer time. 
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Nomenclature 

Cp thermal capacity 

ho convective heat transfer coefficient 

k thermal conductivity 

P pressure 

q left side heat flux gain – variable over a full day 

qo left side heat flux gain - constant 

ql’’ left side heat transfer flux 

qr’’ right side heat transfer flux 

Ql left side total heat transfer flux 

Qr right side total heat transfer flux 

Qout total heat flow rate leave the system during a full day 

Qin total heat flow rate enter the system during a full day 

T∞ outdoor temperature 

T temperature 

u x-component velocity 

v y-component velocity 

x axial direction 

y vertical direction 

  

Greek symbols 
𝛼𝑡ℎ Thermal diffusivity 

 thermal coefficient of expansion 

th thermal efficiency 

 dynamic viscosity 

 density 

q time period 
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