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1. Introduction 

Even in today's engine technologies, approximately 30-

40% of the fuel energy in vehicles with internal 

combustion engines (ICEs) is thrown into the atmosphere 

as waste heat energy [1-3]. On the other hand, carbon 

dioxide (CO2) emitted into the atmosphere by the exhaust 

gases of internal combustion engines is the main source of 

greenhouse gas emissions. Also, unburned hydrocarbons 

(UHC), carbon monoxide (CO), nitrogen oxides (NOx) and 

particulate matter (PM) emissions emitted into the 

atmosphere from internal combustion engines pose health 

exposures [4-6]. The engine efficiency could be increased 

by approximately 4-5% by converting the exhaust waste 

heat energy of ICEs into useful energy with appropriate 

waste heat recovery systems. With a suitable heat HEX 

design, a considerable part of the exhaust waste heat 

energy could be recovered without increasing the back 

pressure of exhaust gas too much [7,8]. Recently, the latent 

heat thermal energy storage (LHTES) systems using 

PCMs as storage media for exhaust waste heat recovery 

are widely used by many researchers [9-10] due to its large 

energy storage capacity [11] and almost constant operating 

temperature [12] in a narrow temperature interval [13]. A 

wide variety of PCMs with various melting temperatures, 

such as paraffin waxes, organic and inorganic compounds, 

and hydrated salts, are used in LHTES systems [14]. 

LHTES systems utilize the melting/solidification enthalpy 

of PCMs [15]. PCMs, provide an opportunity to stabilize 

the thermal behaviour of the LHTES system by providing 

increased thermal inertia in the melting range [16]. Phase 

change temperature, stability, amount of latent heat, and 

thermal conductivity should be considered in the selection 

of the appropriate PCM for the system to be used [15].  

Also, the melting temperature of the PCM used for exhaust 

heat recovery is a decisive factor in PCM selection. 

Generally, PCMs with a melting temperature above 293 K 

is used to storing heat [17]. On the other hand, the low 

thermal conductivity of most PCMs limits the performance 

of LHTES systems, leading to a much longer charging or 
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discharging process [18]. Another disadvantage of the 

solid-liquid phase change process is the mechanical 

stability of the PCM and the volume change that occurs 

during the melting process [19]. Therefore, plenty of 

research has been done on the thermal performance of 

LHTES systems with different designs, operating 

conditions and PCMs. Sharifi et al. [20] investigated 

experimentally and computationally the melting and 

solidification of PCM surrounding a vertical heat pipe 

(HP), finned with metal foils in a vertical cylinder to 

increase the heat transfer surface area. The increase of 

phase change was found by increasing the heat transfer 

surface area of the combination of HP-metal foils. 

Pandiyarajan et al. [21] found that in a thermal energy 

storage system using a finned tube HEX and cylindrical 

PCM capsules, approximately 10-15% of the fuel energy 

can be stored as heat energy at different engine loads. 
Hatami et al. [22] optimized the finned-tube HEX to 

improve exhaust waste heat recovery in a diesel engine. It 

was determined that the fin height is effective on the 

pressure drop, and the number of fins is effective in 

increasing the heat recovery performance. Tiari et al. [18] 

simulated the heat charging process of the finned heat pipe 

supported LHTES system using a temporary two-

dimensional model. It was found that decreasing the heat 

pipe spacing caused the melting rate to increase and the 

base wall temperature to decrease. Also, natural 

convection accelerated the melting process and shortened 

the total charging time by approximately 30%. Although 

there are PCM container arrangements in rectangular, 

cylindrical, spherical and annular configurations [23,24], 

it is common to using cylindrical PCM container structure 

that can be mounted both vertically and horizontally 

[12,25]. In the literature studies, it is seen that some of the 

exhaust waste heat energy can be converted into useful 

energy by using PCMs as a storage area in LHTES 

systems. However, additional experimentally and 

computationally studies are required on the appropriate 

PCM selection, HEX design, operating conditions and 

general structure of the LHTES system in terms of 

optimization of parameters such as charge/discharge time, 

phase change capability and thermal conductivity. In this 

paper, an LHTES system using PCM as a storage area was 

designed to store and reuse the exhaust waste heat energy 

of the SI engine. Paraffin wax commercially identified 

with the code RT27 was used as the PCM. Time-dependent 

Computational Fluid Dynamics (CFD) analyses were 

performed for processes of heat charge (melting) and 

discharge (solidification) in the LHTES system. Time-

dependent data and contour images of heat flux, mean 

temperature, liquid-fraction were obtained and interpreted. 

 

2. Material and Method  

In the present paper, an LHTES system for reuse by 

storing in PCM of the exhaust waste heat energy of the SI 

engine was designed. Modelling of LHTES system is 

given in Fig. 1. 

 

 
 

Fig.1. Modelling of LHTES system 

 

Two closed-loop fluid circulation system consisting of 

two HEXs was planned for charge and discharge of heat to 

the PCM. A U-tube copper HEX is positioned inside the 

rectangular prism muffler mounted to the exhaust line of 

the SI engine for waste heat recovery. In the insulated 

container where the PCM is stored, two intertwined 

serpentine tube heat exchangers (STHEX) are designed to 

be used in the processes of heat discharge and heat charge 

of PCM. A closed-loop fluid circulation system was 

consisted between of the outer serpentine tube and the U-

tube copper HEXs to store some exhaust waste heat in the 

PCM. To transfer the heat stored in the PCM to the 

environment to be heated, a second closed-loop fluid 

circulation system was created between the inner 
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serpentine tube and a cooling radiator. It is planned to use 

water as a heat carrier in the closed-loop fluid circulation 

systems, and it’s to be circulated between the HESs with 

electric pumps. A cylindrical container with a diameter of 

230 mm, a height of 210 mm and a total internal volume 

of 8395 cm3 was designed for the storage of PCM. In the 

container of PCM, the outer STHEX used for the heat 

charge is designed from copper pipe having 10 mm pipe 

outer diameter, and 150 mm helix diameter and length. The 

outer serpentine tube has an 8-helical wrapped vertically 

on top of each other. The STHEX used for the heat 

discharge is designed having 9 mm pipe outer diameter, 

helix 75 helix diameter, and 150 mm helix length. The 

inner serpentine tube has a 16-helical wrapped vertically 

on top of each other. The exhaust muffler has a 

190x160x56 mm rectangular prism structure having 62.5 

mm length nozzle and diffuser at inlet and outlet and 

connected to the exhaust line with the help of cylindrical 

pipes by 43 mm inner diameter. A U-shaped copper pipe 

having 7 mm inner and 9 mm outer diameter is positioned 

along the exhaust gas flow to transfer the waste heat from 

the hot exhaust gases to the water. In numerical analysis, 

the inlet/outlet of water to the PCM container for the heat 

charge period and heat discharge period was defined as 

Hot_inlet/Hot_outlet and Cold_inlet/Cold_outlet, 

respectively. Also, surfaces of STHEXs were defined as 

Hot_wall and Cold_wall, respectively. A User-Define-

Functions (UDF) code was developed to calculate the 

water temperature cyclically in the closed-circuit liquid 

circulation system. In this code, it calculates the first-time 

step with the initial limit values and records the surface 

area average of the temperature values on the surfaces of 

“Water_outlet”, “PCM_outlet (hot or cold)” at the end of 

the first-time step. At the beginning of the next time step, 

it moves the values taken from the "Water_outlet" surface 

to the "PCM_inlet (hot or cold" surface and the values 

taken from the "PCM_outlet (hot or cold)" surface to the 

"Water_inlet" surface. This cyclic calculation continues 

step by step until the numerical analysis completed for 

both heat charge and heat discharge. Design, boundary 

conditions and mesh generation steps of the exhaust HEX 

and PCM container designed for numerical modelling is 

given in Fig. 2. 

 

Fig.2. Design, boundary conditions and mesh generation steps of the exhaust HEX and PCM container designed for numerical 

modelling 

2.1. Governing equations 

The numerical simulations were carried out using the 

three-dimensional time-dependent turbulent flow model. 

The presented governing equations were solved time-

dependent using the ANSYS-Fluent 14.5 software. Also, 

"User Manual" of ANSYS-Fluent 14.5 software is used in 

Eq.1-12 and their explanations [26]. In time-dependent 

problem solving, number of film sub-time steps was used 

to advance the film time to the same physical flow time, 

and the film sub-time step is calculated by "Transient 

equation" specified in Eq.1. 

  

 

 

 Skewness Node Element 

Exhaust exchanger 0.8400 372.012 1.992.795 

PCM container 0.9054 597.324 2.883.601 
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∆𝑡 =
∆𝑡𝑓𝑙𝑜𝑤

𝑁𝑓𝑖𝑙𝑚
                                                                     (1) 

 

Where, ∆𝑡𝑓𝑙𝑜𝑤 is the flow time steps, and 𝑁𝑓𝑖𝑙𝑚 is the 

number of film time steps. The general "Continuity 

equation" reflecting mass conservation for flows 

incompressible as well as the compressible flow is 

expressed as in Eq.2. 

 
𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌 �⃗�) =  𝑆𝑚                                              (2) 

 

Where Sm is the mass added from one phase to the other 

in the case of the 2nd different phase, ρ is the density, and 

�⃗� is the velocity vector. “Momentum equation” is defined 

by Eq.3. 

 
𝜕

𝜕𝑡
(𝜌�⃗�) + 𝛻 ⋅ (𝜌�⃗��⃗�) = −𝛻𝑝 + 𝛻(𝜏̅̅) + 𝜌�⃗� + �⃗�             (3)  

 

Where 𝑝 is the static pressure, 𝜌�⃗� is the gravity body 

force, �⃗� outer body forces, and 𝜏̅̅ is the stress tensor. 𝜏̅̅ is 

defined by Eq.4. 

 

𝜏̅̅ = 𝜇 [(𝛻�⃗� + 𝛻�⃗�𝑇) −
2

3
𝛻 ⋅ �⃗�𝐼]                                     (4) 

 

Where μ is the molecular viscosity, 𝐼 is the unit tensor, 

and the second term (2/3) from the right shows the effect 

of volume expansion. In the solidification and liquefaction 

analyses, the modified "Momentum equation" defined in 

Eq.5 used to take into account the declined porosity in the 

mushy-zone. 

 

𝑆 =
(1−𝛽)2

(𝛽3+𝜀)
𝐴𝑚𝑢𝑠ℎ(�⃗� − 𝑣𝑝⃗⃗⃗⃗⃗)                                             (5) 

 

Where β is the liquid-fraction and ε is a very small number 

that avoids division by zero. �⃗� and 𝑣𝑝⃗⃗⃗⃗⃗ are solids velocities 

(shrinkage velocity) that vary due to the withdrawal of 

solidified material out of the area. Amush is the mushy area 

constant and is defined as 10-6. The energy equation is 

defined by Eq.6. 

𝜕

𝜕𝑡
(𝜌𝐸) + 𝛻 ⋅ (�⃗�(𝜌𝐸 + 𝑝)) = 𝛻 ⋅ (𝑘𝑒𝑓𝑓𝛻𝑇 − ∑ ℎ𝑗𝐽𝑗

𝑗
+

(𝜏�̿�𝑓𝑓 ⋅ �⃗�)) + 𝑆ℎ                                                           (6) 

Where E is the total energy, keff is the effective heat 

conduction coefficient, 𝐽𝑗 is the diffusion flux of the j type 

and hj is the enthalpy of the j type. Sh is the heat generated 

by chemical reaction and/or another heat source identified. 

The total heat content of the material or enthalpy (H) of the 

material is calculated as the total (H=h+∆H) of sensible 

heat (∆H) and latent heat (h). h is defined by Eq.7. 

 

ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝑐𝑝𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓
                                                   (7) 

 

Where href is the reference enthalpy, Tref is the reference 

temperature, and cp is the specific heat at constant pressure. 

When solidification (Tsolidus) and liquefaction (Tliquidus) for 

Eq.7 are defined as the liquid-fraction determined 

depending on the temperature (Eq.8);  

 

If 𝛽 = 0 then 𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠,   
If 𝛽 = 1 then 𝑇 < 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 

If 𝛽 =
𝑇−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
 then  𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 <  𝑇 < 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 (8) 

 

Where 𝛽 is the liquid-fraction, Tsolidus is solidification 

temperature, and Tliquidus is the liquefaction temperature. 

The latent heat content (∆H) can be formulated by ∆𝐻 =
𝛽𝐿 according to the latent heat value of material in an L 

type. ∆H can be taken a value between zero (for solid) and 

L (for liquid). Thus, the Eq.9 as a modified form of Eq.6 

for PCM analyses in which phase change occurs was 

obtained.   

 
𝜕

𝜕𝑡
(𝜌𝐻) +  𝛻 ∙  (𝜌�⃗�𝐻) =  𝛻 ∙ (𝑘𝛻𝑇) +  𝑆                      (9) 

 

Where k is the heat transfer coefficient. The 

sedimentations formed by the change in liquid -fraction 

during liquefaction and solidification was added to the 

turbulence equation (Eq.5) to calculate the turbulence in 

the solidified material and the mushy region, as given in 

Eq.10. 

 

𝑆 =
(1−𝛽)2

(𝛽3+𝜀)
𝐴𝑚𝑢𝑠ℎ∅                                                       (10) 

 

Where S is the source term describing the decrease in 

the velocity of the material, ∅ is the amount of turbulence 

dissolved (k, ε, ω).  

The RNG k-ε model using at the numerical analysis is 

derived using statistical techniques called renormalization 

group theory. Transport equations for RNG k-ε model in 

the general form are the following (Eq.11 and 12):  

 
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇ⅇ𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝑏 −

𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘                                                               (11) 
𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝜀𝜇ⅇ𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
) + 𝐶1𝜀

𝜀

𝑘𝑒
(𝐺𝑘 +

𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌
𝜀2

𝑘𝑒
− 𝑅𝜀 + 𝑆𝜀                                         (12) 

 

Where Gk is the production of turbulence kinetic energy 

due to the average velocity gradients defined in the 

turbulence generation model of the k-ε module. Gb is the 

generation of turbulence kinetic energy due to the effect of 
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Buoyancy in the k-ε module. YM is the contribution of 

unstable expanding compressible turbulence to the total 

dispersion rate. αk and αε are inversely effective Prandtl 

numbers for ke and ε, respectively. Sk and Sε are user-

defined resources. ke is the kinetic energy per mass, ε is the 

turbulence dispersion ratio, μeff is the effective dynamic 

viscosity, 𝑢 is the velocity vector, Rε is the gas constant. 

C1ε and C2ε are model constants and they get the values of 

1.44 and 1.68, respectively. In the LHTES system as PCM, 

the paraffin wax commercially identified with code RT27 

was used. Thermophysical properties in the solid and 

liquid-phases of PCM is given in Table 1. 

 

Table 1. Thermophysical properties in the solid and liquid-phases of RT27 [27-29] 
 

Thermophysical property Solid-phase Liquid-phase 

Density (kg/m3) 870 760 

Dynamic viscosity (Pa.s) - 0.02 

Specific heat (cp) – (kJ/kgK) 3.25 (≤288 K) 2.23 (≥313 K) 

Thermal conductivity (W/mK) 0.24 0.15 

Latent heat capacity (J/kg) 179000 

Thermal expansion coefficient (1/K) 0.0005 

Solidus temperature (K) 297 

Liquidus temperature (K) 299 

 

In numerical analysis, the exhaust gas temperature and 

the mass flow rate were used of gasoline SI engine which 

is operated under engine speed of 1600 rpm, stoichiometric 

air-fuel mixture, and 1/2 throttle position. SI engine a 

single-cylinder, air-cooled engine having a stroke volume 

of 476.5 cm3, maximum output power of 13 HP and torque 

of 25 Nm. To transfer the waste heat from the hot exhaust 

gases to the PCM container, cold water was used as the 

heat carrier fluid. Thermophysical properties of exhaust 

gas and water is given in Table 2. Also, in the analysis of 

heat charge and discharge periods, the initial boundary 

conditions accepted for exhaust gas, PCM and water is 

given in Table 3. 

 

Table 2. Thermophysical properties of exhaust gas and water [30] 
 

 Exhaust gas Water 

Temperature (K) 400 600 800 1000 300 

ρ (kg/m3) 0.871 0.58 0.435 0.348 998.2 

cp (kJ/kgK) 1.014 1.051 1.099 1.141 4.182 

k (W/mK) 0.0336 0.0466 0.0577 0.0681 0.6 

μ (kg/ms) 0.0000320 0.0000306 0.0000370 0.0000424 0.001003 

 

Table 3. Initially boundary conditions for exhaust gas, water and RT27 
 

 

3. Results and discussions 

The main objectives of this paper are analyzed the time-

dependent change of heat flow, mean temperature, and 

liquid-fraction of RT27 in defined boundary conditions. 

Therefore, time-dependent 3D numerical analyses of 

processes of heat charge and discharge were performed for 

designed cylindrical PCM container. However, 2D contour 

images taken from the vertical middle section of the PCM 

container at specified time intervals were presented to deal 

with in detail the temperature and liquid-fraction during 

the heat charge and discharge processes. In numerical 

analysis, the example 3D analysis results at 250.sec and 

1000.sec during the heat charge and discharge processes of 

RT27 paraffin wax is given in Fig. 3. 

 

PCM HEX 

 Hot_wall (K) Cold_wall (K) RT27 temperature (K) 

Heat charge 363.15 - 293.15 

Heat discharge - 273.15 363.15 

Exhaust HEX 

Water_inlet 
Temperature (K) Mass flow rate (kg/s) 

283.15 0.008 

Exhaust 

gas_inlet 

Temperature (K) Mass flow rate (kg/s) 

500 0.004 
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Heat charge / Temperature(K) 

 

 Heat charge / Liquid-fraction (%) 

 

    
250.sec 1000.sec 250.sec 1000.sec 

Heat discharge / Temperature(K) Heat discharge / Liquid-fraction (%) 

    
250.sec 1000.sec 250.sec 1000.sec 

 

Fig.3. 3D analysis results of the 250.sec and 1000.sec during the heat charge and discharge processes of RT27 

 

Fig. 4 shows the time-dependent variation of heat flux 

in processes of heat charge and discharge (solidification) 

of RT27. As shown in Fig. 4, in the heat charge proses 

RT27 arrived at maximum heat flux in 300.sec and then 

decreased rapidly until the approximately 1000.sec. The 

first stages of the melting process are conduction-

dominant heat transfer mode. At this stage, since the 

narrowness of the liquid nano-PCM layers allows the 

dominance of the viscous force over the buoyancy, an 

almost immobile liquid nano-PCM structure prevails [13]. 

Therefore, the heat flux has a higher value at the beginning 

of the melting process for RT27. At approximately 

3000.sec, the heat flux for RT27 declined at a very low 

value and remained almost constant until the end of the 

analysis. At the beginning of the heat discharge process, 

the heat flux increased rapidly due to the high-temperature 

difference between the hot STHEX wall and the colder 

RT27. The heat flow then rapidly decreased until the 

6000.sec and remained almost constant from the 15000.sec 

to the end of the analysis. 

 

 

 
Fig.4. Time-dependent variation of mean heat flux in processes of heat charge and discharge of PCM samples 

 

Time-dependent variation of mean temperature in 

processes of heat charge is given in Fig. 5. The mean 

temperature in the PCM container filled with RT27 arrived 

approximately 316 K from the initial value of 293 K at 

1000 sec. In the early stages of the heat charge process, the 

increasing heat flux with the conduction-dominant heat 

transfer mode increased rate of heat transfer from hot water 

passing through STHEX to the colder RT27 in the PCM 

container causing rise faster of the mean temperature. 

After 1000.sec, the slower increased mean temperature of 

RT27 reached 336 K at the 8000.sec. Since the RT27 is in 

the form of mush in the regions close to STHEX after 

1000.sec, the heat flux decreasing with the dominance of 

natural convection reduced the heat transfer rate, and this 

caused the temperature increase rate to decrease. With the 

increase in the percentage of RT27 in mush form in the 
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PCM container, the heat transfer rate and temperature 

increase rate decreased further.  

As seen in Fig. 6, initially the temperature gradients 

have distributed horizontally from the first rings of 

STHEX to the center of PCM container, then vertically 

down from the center. After 450.sec, the temperature 

gradients condensed to a higher value around STHEX and 

in later stages, the temperatures around STHEX increased 

to higher values than initially.  

As seen in Fig. 5, at the beginning of the melting process 

(in the range of 0-900 sec), due to the high-temperature 

difference between the hot STHEX wall and the colder 

RT27, the rate of melting and hence the increase in the 

liquid-fraction is higher. The liquid-fraction of RT27 in the 

PCM container is reached approximately 80% within the 

first 900 sec. After this time, the increase in the liquid-

fraction has progressed very slowly, reaching only a 

maximum of 93% in 8000.sec.  

The liquid-fraction increased rapidly in the range of 0-

900 sec as can be seen in Fig. 7. Initially, the melting that 

starts around STHEX and the increase in liquid-fraction 

spread around the SHTEX to the inner and edge regions of 

the PCM container. While the rate of increase of the liquid-

fraction slows down significantly in the range of 900-2000 

sec, the liquid-fraction remained almost unchanging 

between the 2000-8000 sec. 8000.sec, it appears that there 

is still some RT27 in the bottom of the PCM container that 

does not change to the liquid phase. This amount of solid 

and/or mushy PCM at the bottom of the PCM container is 

around 7% as seen in Fig. 5. The amount residue solid 

and/or mushy PCM was already around 20% at 900.sec 

and about 10% at 2500.sec. As can be seen, the heat 

transferred to the PCM container after about 2500.sec did 

not greatly contribute to the completely melting and 

passing to the liquid phase of RT27. 

 

 
Fig.5.  Time-dependent variation of mean temperature and liquid-fraction in process of heat charge  
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Fig.6. Time-dependent variation of temperature contours in process of heat charge 



 
Gurbuz and Ates / International Journal of Automotive Science and Technology 4 (4): 314-327, 2020 

 

322 

 

   

 

100.sec 200.sec 300.sec 

   
450.sec 600.sec 750.sec 

   
900.sec 1200.sec 1500.sec 

   
2000.sec 3000.sec 4000.sec 

   
5000.sec 6000.sec 8000.sec 

Fig.7. Time-dependent variation of liquid-fraction contours of in process of heat charge 
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Time-dependent variation of mean temperature in 

process of heat discharge is given in Fig. 8. The mean 

temperature in the PCM container filled with RT27 

decreased at approximately 316 K from the initial value of 

363 K at approximately 900.sec. At the start of the 

solidification process (in the range of 0-900 sec), due to 

the high heat flux due to the high-temperature difference 

between the cold STHEX wall and the warmer RT27, the 

average temperature of RT27 in the PCM vessel decreased 

rapidly. After this period, the rate of decrease in the 

average temperature slowed down significantly and only 

could be reached 294 K at the 55000.sec. While the mean 

temperature decreases from 316 K to 307 K in the range of 

900-6000 sec, decreases linearly from 307 K to 294 K in 

the range of 6000-55000 sec.  

As seen in Fig. 9, initially the temperature gradients 

have distributed horizontally from the inlet rings of 

STHEX to the center and sides of the PCM container, then 

vertically to the upper regions of the PCM container. The 

distribution of temperature gradients was initially very 

high speed, as in Fig. 8, but slowed down after 900.sec. 

As can be seen in Fig. 8, a period in which the liquid-

fraction almost does not decrease until about 900.sec at the 

beginning of the heat discharge (solidification) process 

occurred. In this period, solidification occurred only in a 

very small area region in around of STHEX. Because the 

mean temperature approximate 316 K in the PCM 

container was much higher than the RT27's solidification 

temperature of 297 K. The decrease in the liquid-fraction 

(solidification), the started effectively after about 1000.sec 

was reached about 60% until 6000.sec. At the end of the 

55000.sec, the liquid-fraction of RT27 in the PCM 

container was declined a low value as 15%, and completed 

of the solidification process.  

As seen in Fig.10, the significant decrease in the liquid-

fraction started at 1000.sec, and the areas indicated in the 

color scale, first orange, then green, and finally blue, 

indicating solidification from red to blue in the PCM 

container, increased. On the other hand, the solidification 

started from the lower part of the PCM as the input of cold 

water of STHEX and proceeded upwards. Also, not fully 

solidified some RT 27 remained in the upper part and the 

near regions to the edges of the PCM container. 

 

 
 

Fig.8. Time-dependent variation of mean temperature and liquid-fraction in process of heat discharge  
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Fig.9. Time-dependent variation of temperature contours in process of heat discharge 
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Fig.10. Time-dependent variation of liquid-fraction contours in process of heat discharge 
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4. Conclusions 

The findings obtained in the numerical analyses of heat 

charge (melting) and discharge (solidification) processes 

using RT27 paraffin wax in the LHTES system designed 

for the exhaust waste heat recovery of a typical SI engine 

are summarized following; 

 

 In the RT27's heat charge process, the maximum heat 

flux at 300.sec was reached, and then the heat flux 

decreased rapidly up to 1000.sec. At this stage, 

conduction heat transfer is dominated. After 3000.sec 

the heat flux declined to a very low value and remained 

almost constant until the end of the analysis. In the 

RT27's heat discharge process, in the beginning, the 

heat flux increased rapidly due to the high-temperature 

difference between the hot STHEX wall. Then, heat 

flux decreased rapidly until the 6000.sec and remained 

almost constant from the 15000.sec to the end of the 

analysis. 

 At the beginning of the heat charge process, the heat 

flux hence heat transfer rate rapidly increased due to 

the conduction dominant heat transfer mode, so the 

mean temperature of RT27 and the liquid-fraction 

rapidly increased, too. In the later stages, due to the 

predominance of natural convection, the heat flux 

hence heat transfer rate decreased, so the increasing 

trend of both the mean temperature and of the liquid-

fraction of RT27 slowed down. Also, although 

increased slightly of the mean temperature after 

3000.sec, the liquid-fraction has remained almost 

constant. At the end of the analysis (at 8000.sec) the 

mean temperature of RT27 in the PCM container 

reached 336 K and the liquid-fraction to 93%. The 

analysis was terminated as the increase in temperature 

and liquid-fraction came to a near stop. 

 At the start of the heat discharge (solidification) 

process due to the high heat flux due to the high-

temperature difference between the cold STHEX wall 

and the warmer RT27, the mean temperature of RT27 

in the PCM vessel decreased rapidly. However, the 

solidification could not begin up to 1000.sec, as the 

temperature could not rise to the solidification 

temperature (297 K) of RT27. At the end of the 

analysis (at 55000.sec) the mean temperature of RT27 

in the PCM container declined 294 K and the liquid-

fraction to 15%. 

 As a result, the process of heat charge completed at 

8000.sec with 93% liquid-fraction, while the process of 

heat discharge completed in a very long time such as 

55000.sec with 15% liquid-fraction. 
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