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In this paper, the use of exhaust waste heat energy stored in a latent heat 

thermal energy storage (LHTES) system for cabin heating of a passenger car 

at cold climate conditions was investigated by experimental and 

computational fluid dynamics (CFD). A liquid circulation system was 

installed for this purpose, consisting of two heat exchangers, one in the 

passenger car's rear compartment and the other in which the phase change 

material (PCM) in the LHTES system was stored. Commercial RT55 paraffin 

wax was used as PCM, and tap water was used as heat transfer fluid (HTF). 

Experimental and CFD analysis studies, which started at 283 K cabin interior 

temperature, were continued for 1500 sec (25 min). Before the experiments, 

the cabin interior of the passenger car was cooled up to 283 K with the air 

conditioning system, and the air conditioning system was kept on at a setting 

where the cabin interior temperature would remain constant at 283 K during 

the experiments. Thus, real cold climate conditions were provided for the 

experimental study. As a result, it has been observed that with the new cabin 

heating system, thermal comfort conditions for people are provided after the 

first five minutes, and this temperature can be maintained throughout the 

experiment. So much so that the cabin temperature increased from 283 K to 

295 K in five minutes and reached approximately 297 K at the end of the 

experiment with a slow rate of increase. Furthermore, the difference in RT55 

temperatures between the experimental and CFD analysis results is less than 

3% during the cabin interior heating period. 

Keywords: Exhaust waste heat energy; LHTES; PCM; Cabin interior heating. 

 

1. Introduction 

It is estimated that energy consumption in the 

world will increase by roughly 30% in the next 

ten years. Researchers are therefore concerned 

about the issues that will arise with regard to the 

global economy, environment, energy security, 

and sustainability [1]. Internal combustion 

engines (ICEs), which account for a significant 

portion of today's fuel use, generate a lot of 

waste heat energy when generating energy [2]. 

It is crucial to develop conversion systems that 

take into account the intended use of the energy 

in order to recover the lost thermal energy in 

ICEs [3]. In this respect, the storage of waste 

energy in used systems in the energy industry 

comes to the fore [4]. Thermal energy storage is 
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an advantageous application, as the stored 

energy has a high potential to be converted into 

usable energy later [5]. Thermal energy storage 

systems are divided into three categories: latent 

heat thermal energy storage systems (LHTES), 

sensible heat thermal energy storage systems 

(SHTES), and chemical energy storage systems 

(CESS). Compared to SHTES, LHTES systems 

allow more energy to be stored per unit mass [6]. 

The energy stored in LHTES can be used for 

space heating and air conditioning systems in 

the automobile and building industries [7]. With 

LHTES systems, a large amount of thermal 

energy can be stored in a small container with 

minimum temperature change [8]. One of the 

new and efficient ways to store energy in my 

LHTES systems is to use phase change 

materials (PCMs). PCMs are materials that 

release latent heat energy during solid-to-liquid 

conversion or vice versa, and they store or 

discharge heat at an almost constant temperature 

[9]. Compared to other PCMs, paraffin has very 

high heat storage capacities. In addition, 

paraffins with different properties can be mixed 

or gradually brought together for the desired 

temperature ranges where the phase change will 

occur [10]. On the other hand, efficient thermal 

management in automobiles necessitates the 

development of novel and cutting-edge 

technologies and techniques designed to lower 

heat generation and displacement inside and 

around the vehicle. Because heating, ventilation, 

and air conditioning (HVAC) systems in cars 

place a significant power demand on the battery 

and engine, this can result in decreased fuel 

efficiency [11]. Therefore, it becomes crucial to 

provide thermal management and comfort in 

automobiles and to achieve this with PCM-

based LHTES, which stand out in terms of 

making waste heat usable when their distinctive 

qualities are taken into account. In other words, 

it has been determined by the researchers that 

the use of PCMs, which are known to be 

effective in heat storage, for heat management 

in automobiles increases the thermal efficiency 

of the vehicle and improves fuel efficiency by 

regulating the cabin temperature [12]. It takes a 

certain period of time to provide thermal 

comfort in the cabin interior with conventional 

heating systems in the winter, and the fuel 

consumption increases as the seat heating 

systems used as a solution cause extra energy 

consumption. Therefore, besides improving 

engine performance, LHTES is a promising 

method that can control the fluctuation of the 

temperature profile in the cabin interior in both 

summer and winter months [13]. However, the 

design of the LHTES system to be used in an 

automobile is of great importance [14].  

In a typical LHTES system, HTF is circulated 

through metal pipes to transfer heat to the PCM 

tank. The heat transfer fluid circulating between 

the inlet and outlet zones in the PCM tank 

creates a temperature profile. The heat transfer 

rate is a function of the temperature difference 

between the heat transfer fluid and the PCM. For 

this reason, the heat transfer rate of the HTF in 

the exit regions of the tank gradually decreases 

[15]. In PCMs, the time taken to melt is shorter 

than the solidification time. because the melting 

process takes place through natural convection. 

When a temperature gradient occurs in the 

liquid PCM, natural convection occurs in the 

liquid-solid regions. During solidification, the 

heat stored in the PCM is discharged out of the 

tank by solid conduction [16–18]. Conduction is 

an effective mode of solidification, and while 

natural convection occurs only at the beginning 

of solidification, after a certain period of time, 

natural convection loses its effect compared to 

conduction [19]. Many experimental and 

numerical studies have been carried out to 

investigate the thermal behavior of LHTES 

during melting and solidification processes [20]. 

Mahdi et al. [21] numerically investigated the 

effects of alumina nanoparticles on the 

solidification of a PCM in a triple tube TES 

system. Total solidification times were 

estimated for all considered nanoparticle 

volume fractions and temperatures of the inlet 

HTF. The results show that Al2O3 nanoparticles 

with volumetric concentrations of 3–8% provide 

total time savings of between 8% and 20%. 

Vyshak and Jilani [22] numerically analyzed the 

effect on melting time of tanks with different 

geometric properties (i.e., rectangular, 

cylindrical, and cylindrical shell tanks) for the 

LHTES system with the same volume and heat 

transfer surface area. The results showed that the 

cylindrical containers took the least time to store 

an equal amount of energy, and this geometric 

effect was more pronounced with the increase in 

the mass of the PCM. It was determined that as 

the mass of PCM filling the containers increased 
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from 0.24 kg to 10.69 kg, the total melting times 

corresponding to cylindrical and rectangular 

containers decreased proportionally from 0.91% 

to 0.54%. Thippeswmay et al. [23] 

experimentally investigated the charge and 

discharge behavior of the commercial paraffin 

wax used by designing a TES to store energy 

from hot air. An automobile radiator was placed 

as a heat exchanger in 11.3 kg of PCM in a glass 

container, and the hot air was passed through the 

microchannels of the heat exchanger. It has been 

determined that there is a temperature difference 

of 40–50 °C between the inlet and outlet air 

temperatures of the heat exchanger. During the 

discharge process, which lasted for 110 minutes, 

the outlet temperature was a maximum of 13.5 

°C above the inlet air temperature. Mosaffa et al. 

[24] developed an approximate analytical 2D 

model for the solidification process of a PCM 

(calcium chloride hexahydrate) used for thermal 

storage in cylindrical and rectangular tanks with 

the same volume and heat transfer surface area. 

The thermal storage system has a height of 10 

cm, a radius of 10 mm, and a cell volume of 50.3 

cm3. In the analysis results, it was determined 

that solidification occurred approximately 10% 

faster in the cylindrical tank than in the 

rectangular one, for a 40% solidification time in 

PCM. Krishnamoorthi et al. [25] performed an 

experimental study for controlling the 

temperature in the cabin interior by storing the 

energy of the sun's rays reflected on the roof of 

an automobile on the PCM. A 35 x 70 x 37 cm 

container containing commercial paraffin wax 

was placed on the roof of the vehicle. In 

addition, a copper serpentine pipe with a 

diameter of 5 mm, through which the circulation 

water passes with the help of a 16-watt pump, 

and a condenser for heat discharge are placed. 

The experiments were carried out between 

10:00 and 15:00. In the experiments conducted 

for three different experimental groups in which 

only PCM, water circulation without PCM, or 

both PCM and water circulation were provided, 

cabin temperatures were compared. As a result, 

it has been determined that it can be reached at 

36 °C, which is the closest to the atmospheric 

temperature, in 11 minutes with PCM-coated 

copper tubing. Gübrüz et al. [26] experimentally 

investigated the solidification process of the 

LHTES system, in which the heat energy thrown 

into the atmosphere along with the exhaust 

gases from the internal combustion vehicles is 

stored by the PCM. In the LHTES system, RT55 

paraffin wax enriched with Al2O3 nanoparticles 

was used as PCM. The heat energy stored in the 

LHTES was discharged into the cabin interior 

by the heating radiator through the closed-

circuit liquid circulation system. Experimental 

studies under real climatic conditions were 

performed only for RT55 and five different 

Al2O3 fractions (5% weight, 10% weight, 15% 

weight, 20% weight, and 25% weight). The 

experiments were carried out for 1200 seconds. 

As a result, it was determined that increasing the 

Al2O3 fraction by up to 10% improved the 

solidification process and increased the cabinet 

temperature by about 29% compared to using 

pure RT55.  

Considering the literature, there are a limited 

number of experimental and numerical analysis 

studies on the use of exhaust waste heat energy 

stored in the LHTES system for cabin interior 

heating, although it is a good alternative. In 

addition, previous studies of in-vehicle heat 

management generally used an external heat 

source (such as solar energy) to store heat in the 

PCM instead of waste heat from the ICE. For 

this reason, it is considered that ICE's waste heat 

energy is not adequately addressed in terms of 

providing in-vehicle thermal comfort. In this 

respect, some of the prominent aspects of this 

study are as follows: 

• Developing an inexpensive and highly 

accessible PCM-containing LHTES system in 

order to provide cabin interior thermal comfort 

in a passenger car, 

• Using only ICE's own waste heat energy, 

without the need for an additional external 

source, in order to provide thermal comfort in 

the passenger car cabin interior, 

• Ensuring cabin interior thermal comfort 

in a relatively shorter time and without using 

additional fuel energy with the heat energy 

stored in the PCM, especially during the first 

cold start conditions in the winter months.  

Finally, in this paper, the use of exhaust waste 

heat energy stored in the LHTES system for 

cabin heating of a passenger car in winter was 

investigated by experimental and CFD analysis. 

Experimental and CFD analysis studies, which 

started at a 283 K interior temperature, 

continued for 1500 seconds (25 minutes). The 

cabin temperature rose from 283 K to 295 K in 
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five minutes and reached approximately 297 K 

at the end of the experiment with a slow 

increase. In addition, it was determined that the 

RT55 temperature difference between the 

experimental and CFD analysis results was less 

than 3% during the cabin heating period. 

2. Material and Methods 

2.1. Design of cabin interior heating system 

with LHTES (experimental setup) 

The experimental study was performed in a 

typical 5-seat passenger car with a heating area 

of 2.88 m3 (including cargo volume). A tubular 

finned heater core and blower motor with 

dimensions of 154 (W) x 193.5 (L) x 26 (H) mm 

are placed between the rear seats of the 

passenger car to allow air flow in the cabin 

interior.  Before the experiment, the air 

conditioning system was operated for 

approximately 45 minutes under the idling 

conditions of the passenger car engine until the 

temperature in the cabin interior reached 283 K. 

Then, the air conditioner system was adjusted so 

that the cabin interior temperature remained 

constant at 283 K. Thus, real-world cold climate 

conditions were provided during the 

experiment. In order to store the RT55 in the 

LHTES system, a steel-bodied cylindrical tank 

with a diameter of 23 cm and a height of 21 cm, 

with outer surfaces covered with glass wool and 

aluminum foil, was used. In order to transfer the 

heat from the RT55 in the liquid phase to the 

HTF, a two-layer, coil-type heat exchanger 

inside the cylindrical tank is designed. The outer 

layer is produced from a copper tube with an 

outer diameter of 10 mm, a coil diameter of 150 

mm, a length of 150 mm, and 8 helices. The 

inner layer is produced from a copper tube with 

an outer diameter of 9 mm, a coil diameter of 75 

mm, a length of 150 mm, and 16 helices. RT55 

used as PCM has a latent heat of fusion of 170 

kJ/kg, a specific heat of 2 kJ/kgK, a density of 

880/770 (solid/liquid) kg/m3, a thermal 

conductivity of 0.2 W/mK, a solidification 

temperature of 324 K, and a maximum operating 

temperature of 90 °C [27]. The temperature of 

the RT55 in the tank was measured by two 

pieces of K-type probe thermocouples from its 

center (TPCM_center) and side (TPCM_side). Before 

the experiments, the RT55 in the LHTES tank 

was in the liquid phase at a temperature of 353 

K. The connection between the heater core and 

the coil-type heat exchanger is provided by a 

coolant hose with an inner diameter of 9 mm, 

and the outer surfaces are covered with glass 

wool and aluminum foil. A 4.2 W DC liquid 

pump was used for the circulation of the HTF. 

The liquid pump was operated at half load, and 

the flow rate of the HTF was adjusted to 2 l/min. 

The inlet (TPCM_water_in) and outlet (TPCM_water_out) 

temperatures of the HTF from the LTES tank 

were measured by two pieces of K-type probe 

thermocouples. In addition, passenger car 

interior temperature was measured from the 

middle point of the interior volume with a K-

type probe thermocouple. The temperatures 

measured at 1-second intervals were collected 

on the computer via a data acquisition card. The 

experimental layout of the cabin interior heating 

system with LHTES is given in Fig.1. 

2.2. CFD analysis procedure and governing 

equations 

For CFD analysis, 3D models were created 

using LHTES tank and coil-type heat exchanger 

measurements used in the experimental cabin 

interior heating system. A tetrahedral mesh 

geometry consisting of a “Skewness value” of 

0.9054, a “Node value” of 597.324, and 

2.883.601 “Elements” was created in the 

LHTES tank. In CFD analysis, the inlet and 

outlet of tap water to the LHTES tank for the 

heat discharge process were defined as "inlet" 

and "outlet", respectively. 

 
Fig.1. Experimental layout of cabin interior heating system with LHTES.
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In addition, the surface of a coil-type heat 

exchanger and PC_hex is defined as "wall". 

While preparing the 3D model for the cooling 

process, the initial limit values were 283.15 K 

for HTF, 353.15 K for FDM, and 283.15 K for 

the heat exchanger “wall” surface, and analyses 

were performed with the assumption that there 

is no heat transfer from other surfaces. 

Throughout the CFD analysis, the calculation 

steps were continued with the average surface 

temperature values taken over both PC_hex and 

LHTES_hex surfaces. The 3D model and mesh 

structure of the LHTES tank and coil-type heat 

exchanger are given in Fig.2. 

 

 
Fig.2. 3D model and mesh structure of the LHTES tank 

and coil-type heat exchanger 

A user-define-functions code was created in 

order to advance the closed-circuit tap water 

circulation steps. In the first step of the code, the 

calculation is made with the initial limit values, 

and the average surface temperature values at 

the outputs of LHTES_hex and PC_hex are 

recorded. In the next step, the output average 

surface temperature of PC_hex is added to the 

input average surface temperature of the LHTES 

tank, and the output average surface temperature 

of the LHTES tank is added to the input average 

surface temperature of PC_hex. This closed-

loop calculation process continues step by step 

until the CFD analysis is complete. The CFD 

analysis was performed using the turbulent flow 

model (RNG k-ε) as time-dependent by ANSYS 

Fluent 14.5 software. The governing equations 

used are defined in equations 1–12 [28]. The 

film sub-time steps used to advance the film 

time to the same physical flow are solved with 

Eq.1(transient equation). 

∆𝑡 =
∆𝑡𝑓𝑙𝑜𝑤

𝑁𝑓𝑖𝑙𝑚
      (1) 

Where ∆𝑡𝑓𝑙𝑜𝑤 and 𝑁𝑓𝑖𝑙𝑚 represent steps of the 

flow time and the number of film times, 

respectively. The general Continuity equation 

(Eg.2) and Momentum equation (Eq.3) were 

used for the progress steps of the CFD analysis 

as follows: 

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌 �⃗�) =  𝑆𝑚      (2) 

𝜕

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

Where Sm, ρ, and �⃗� represents the mass that 

transferred between phases in the two-phase 

case, the density, and the velocity vector, 

respectively. In Eq.3, 𝑝, 𝜌�⃗�, �⃗� and 𝜏̅̅ represent 

the static pressure, the gravity body force, the 

outer body forces, and the stress tensor (Eq.4), 

respectively. 

𝜏̅̅ = 𝜇 [(𝛻�⃗� + 𝛻�⃗�𝑇) −
2

3
𝛻 ⋅ �⃗�𝐼]   (4) 

Where μ and 𝐼 represent the molecular viscosity 

and the unit tensor, respectively. In the 

solidification process, the modified momentum 

equation (Eq.5) is used to take into account the 

porosity structure in the mushy region. 

𝑆 =
(1−𝛽)2

(𝛽3+𝜀)
𝐴𝑚𝑢𝑠ℎ(�⃗� − 𝑣𝑝⃗⃗⃗⃗⃗)    (5) 

Where β, ε, Amush, �⃗� and 𝑣𝑝⃗⃗⃗⃗⃗ represent the liquid 

fraction, the number for divide-by-zero error, 

the mushy region constant (10-6), and the 

shrinkage velocities, respectively. In the CFD 

analysis, the energy change is calculated using 

Eq.6 (the energy equation). 

𝜕

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

𝑗
+

(𝜏�̿�𝑓𝑓 ⋅ �⃗�)) + 𝑆ℎ      (6) 

Where E, keff, 𝐽𝑗, hj and Sh define the total 

energy, the heat transfer coefficient, the 

diffusion flux, the enthalpy, and the heat 

generated by any method, respectively. The total 

enthalpy (or heat content) is calculated as the 
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sum of the sensible (∆H) and latent heats (h) by 

Eq.7. 

ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝑐𝑝𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓
    (7) 

Where href, Tref, and cp are the reference 

enthalpy, temperature, and specific heat, 

respectively. The liquid fraction is determined 

depending on the temperature, as in 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 Tsolidus and Tliquidus are the solidification 

and liquefaction temperatures, respectively. In 

order to take into account, the latent heat energy 

generated during the phase change, the modified 

version of Eq.6, Eq.9 is used. 

𝜕

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

Where k represents the heat transfer coefficient. 

Eq.5 is modified as in Eq.10 to calculate 

turbulence in mush and solidification regions 

depending on the liquid fraction during 

solidification. 

𝑆 =
(1−𝛽)2

(𝛽3+𝜀)
𝐴𝑚𝑢𝑠ℎ∅              (10) 

Where ∅ represents the amount of turbulence 

dissolved. The transport equations of the RNG 

k-ε model used for turbulent flow are as in Eq.11 

and Eq.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 generation of turbulent kinetic 

energy with the effect of an average velocity 

gradient, and Gb is the generation of turbulent 

kinetic energy with the effect of buoyancy. YM 

represents the effect of unstable compressible 

turbulence on the total dispersion rate. αk and αε 

are inverse Prandtl numbers for ke, and, ε, while 

Sk and Sε are user-defined numbers. ke, ε, μeff, 𝑢 

and Rε represent kinetic energy per mass, 

turbulence dispersion ratio, effective dynamic 

viscosity, velocity vector, and gas constant, 

respectively. The values of the model constants, 

C1ε and C2ε, are 1.44 and 1.68, respectively. The 

analysis algorithms used in CFD analysis is 

given in Table 1. 

Table 1. Analysis algorithms used in CFD analysis 

Schemes Analysis algorithms 

Pressure-Velocity Coupling SIMPLE 

Pressure PRESTO! 

Momentum Second Order Upwind 

Energy Second Order Upwind 

Transient Formulation First Order Implicit 

2.3. Calculation of stored energy in LHTES 

The total heat energy recovered by the heat 

discharge from the liquid RT55 in the LHTES 

tank is calculated by Eq.13. 

�̇�𝑡𝑜𝑡𝑎𝑙 =  �̇�𝑠_𝑝ℎ𝑎𝑠𝑒 + �̇�𝑙_𝑝ℎ𝑎𝑠𝑒 + �̇�𝑙_ℎ𝑒𝑎𝑡          (13) 

Where �̇�𝑙_ℎ𝑒𝑎𝑡 is energy released as latent heat 

during solidification process, �̇�𝑙_𝑝ℎ𝑎𝑠𝑒  is the 

energy of the liquid RT55, and �̇�𝑠_𝑝ℎ𝑎𝑠𝑒 is the 

energy of the solid RT55. These are calculated 

with the following equations: 

�̇�𝑙_ℎ𝑒𝑎𝑡 = 𝑚𝑅𝑇55 ∗ 𝐿𝑓𝑟 ∗ 𝐿𝑓_ℎ𝑒𝑎𝑡            (14) 

�̇�𝑙_𝑝ℎ𝑎𝑠𝑒 = �̇�𝑙_𝑝ℎ𝑎𝑠𝑒 ∗ 𝑐𝑝𝑙_𝑝ℎ𝑎𝑠𝑒 ∗ ∆𝑇𝑙_𝑝ℎ𝑎𝑠𝑒     (15) 

�̇�𝑠_𝑝ℎ𝑎𝑠𝑒 = �̇�𝑠_𝑝ℎ𝑎𝑠𝑒 ∗ 𝑐𝑝𝑠_𝑝ℎ𝑎𝑠𝑒 ∗ ∆𝑇𝑠_𝑝ℎ𝑎𝑠𝑒    (16) 

Where 𝑚𝑅𝑇55 is the total mass of RT55 (kg), 𝐿𝑓𝑟 

is the liquid fraction during heat discharge (%), 

𝐿𝑓_ℎ𝑒𝑎𝑡 is the latent heat of fusion of RT55 

(kJ/kg), �̇�𝑙_𝑝ℎ𝑎𝑠𝑒 is the instantaneous mass of 

liquid RT55 (kg), �̇�𝑠_𝑝ℎ𝑎𝑠𝑒 is the instantaneous 

mass of solid RT55 (kg), 𝑐𝑝𝑙_𝑝ℎ𝑎𝑠𝑒 and 

𝑐𝑝𝑠_𝑝ℎ𝑎𝑠𝑒 are the specific heats for liquid and 

solid RT55 (kJ/kgK), ∆𝑇𝑙_𝑝ℎ𝑎𝑠𝑒 and 

∆𝑇𝑠_𝑝ℎ𝑎𝑠𝑒 are the temperature differences of 

liquid and solid RT55 (K). 

3. Results and Discussion 

Fig.3 shows the variation of the LHTES system 

and cabin interior temperatures during cabin 

heating (experimental). Before the experiments, 

the RT55 in the LHTES tank was in the liquid 

phase at a temperature of 353 K, while the 

interior temperature of the passenger car and the 

temperature of the HTF were approximately 283 

K. With the start of the experiments, the inlet 

and outlet temperatures of the LHTES tank of 
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the HTF decreased rapidly; the inlet temperature 

(TPCM_water_in) decreased to approximately 320 K 

after 150 seconds, and the outlet temperature 

(TPCM_water_out) decreased to approximately 329 

K after 90 seconds. The inlet temperature of the 

HTF circulating in the heat exchanger in the 

cabin for heating purposes into the LHTES tank 

reached its maximum value later than the outlet 

temperature. Then, both temperatures started to 

decrease again, synchronized with each other 

towards the end of the experiment, and 

equalized at approximately 308 K. Similar to the 

inlet and outlet temperatures of the HTF, the 

temperature  in the center and side of the RT55 

in the LHTES tank decreased rapidly within the 

first 45 seconds, decreasing to 338 K in the 

center (TPCM_center) and 329 K at the side 

(TPCM_side). In contrast, the PCM_side 

temperature decreased to about 321 K at the end 

of the experiment, while the PCM_center 

temperature decreased to approximately 313 K 

at the end of the experiment. This finding 

indicates that solidification in the RT55 during 

the cabin interior heating period is greater at the 

center of the LHTES tank than at its sides. In 

addition, the temperature of the RT55 in the 

center of the LHTES tank is very close to the 

temperature of the HTF circulated in the coil-

type heat exchanger of the LHTES tank. In fact, 

the 5 K temperature difference between HTF 

(TPCM_water_in and TPCM_water_out) and TPCM_center 

indicates that there is still heat that can be 

transferred to the cabin air from the LHTES 

system. The cabin interior temperature, which 

was 283 K at the beginning of the experiments 

and kept constant by the air conditioning 

system, increased rapidly within the first 5 

minutes and reached 295 K. The cabin interior 

temperature, which was 283 K at the beginning 

of the experiments and kept constant by the air 

conditioning system, increased rapidly within 

the first 300 seconds (5 minutes) and reached 

295 K. In fact, at the very beginning of the 

experiment, there is a short period (the first 30 

seconds) during which the interior temperature 

has a very low rate of rise. The temperature, 

which reached 295 K in the first 5 minutes, 

maintained this value until the end of the 

experiment and even increased to 297 K at the 

end of the experiment. Considering the 5 K 

difference between the center temperature of the 

RT55 and the temperature of the HTF at the end 

of the experiment, it is also seen that the cabin 

temperature can be maintained at 297 K for a 

longer period of time with the LHTES system. 

The results are in agreement with previous 

studies. In a paper on in-cabin heating with the 

LHTES system using the RT55 as the PCM, the 

temperature in the center of the PCM dropped 

from 366 K to 350 K after 1200 seconds. The 

temperature inside the cabin, which was 275 K 

at the beginning, increased to 279 K after 1200 

seconds, and the cabin interior temperature 

increased by approximately 4.2 °C [26]. 

 
Fig. 3. Variation of the LHTES system and cabin interior 

temperatures during cabin heating (experimental) 

In Fig.4(a), the variation of RT55 temperature 

with time according to the experimental and 

CFD analysis results during the cabin interior 

heating period is given, and the difference 

between the experimental and CFD temperature 

results of RT55 is given in Fig.4(b). As seen in 

Fig.4(a), the experimental side temperature of 

the RT55 and the average RT55 temperature 

curves of the CFD analysis have a very similar 

profile and numerical values over the cabin 

interior heating period. However, the 

experimental RT55 center temperature has a 

different curve and numerical values than the 

average RT55 temperature of the CFD analysis. 

Despite that, the difference between both the 

experimental RT55 side temperature and the 

experimental RT55 center temperature and the 

average RT55 temperature of the CFD analysis 

is less than 3% over the entire cabin interior 

heating period [see Fig.4(b)]. 

Fig.5 illustrates the variation of temperature 

contours during the heat discharge process. The 

temperature decrease, which occurs with the 
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start of the heat discharge in the RT55, which is 

initially at 353 K inside the LHTES tank, first 

starts around the coil-type heat exchanger and 

proceeds from the bottom of the tank to the 

upper surface (up to 200 seconds). After the 

200th second, the RT55 temperature, which was 

in the range of 322–330 K in the entire volume 

of the LHTES tank (except for around the coil 

type heat exchanger), remained almost 

unchanged in this range until the end of the 

experiment. A temperature gradient in the range 

of 283–300 K occurs around the serpentine-type 

heat exchanger, and it is seen that this region 

expands continuously until the end of the 

experiment. In these regions, the temperatures 

decreased well below the solidification 

temperature of the RT55 (324 K). 

The variation of the RT55 average temperature 

during the heat discharge is given in Fig.6(a), 

and the variation of the heat flux is given in 

Fig.6(b). The average temperature of the RT55, 

which was 353 K at the beginning, decreased 

rapidly to 329 K up to the 200th second and then 

reached 322 K at the end of the analysis with a 

slowing rate of decrease. The heat flux, which 

reached its maximum value approximately 30 

seconds after the start of the heat discharge, 

decreased rapidly up to the 450th second, and 

then the rate of decrease in the heat flux 

progressed very slowly until the end of the heat 

discharge. 

Fig.7 shows the variation in the liquid fraction 

contours during the heat discharge process. At 

the beginning of the CFD analysis, in the RT55, 

which was completely in the liquid phase inside 

the LHTES tank, the solidification that started 

 
a) 

 
b) 

Fig.4(a) Variation of experimental and CFD temperature results of RT55 during the cabin interior heating period, and 

(b) the difference between the experimental and CFD analysis temperature results of RT55 

t=25 s t=50 s t=100 s t=200 s  

    
t=400 s t=800 s t=1200 s t=1500 s 

    
Fig.5. Variation of temperature contours during heat discharge process 
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a) b) 

Fig.6 (a) Variation of average temperature of RT55, and (b) heat flux during the heat discharge process 

t=25 s t=50 s t=100 s t=200 s 

 

    
t=400 s t=800 s t=1200 s t=1500 s 

    

Fig.7. Variation of liquid fraction contours during the heat discharge process 

around the coil type heat exchanger with the 

heat discharge first spread towards the bottom of 

the tank and then proceeded towards to the 

upper surface. However, even at the end of the 

experiment, it is seen that the RT55 in a thin 

layer at the top of the coil type heat exchanger 

still has not solidified. On the other hand, the full 

solidification process that started around the 

coil-type heat exchanger after 200 seconds 

increased rapidly and became a remarkable 

layer at the end of the experiment. This finding 

shows that the solidification in the RT55 inside 

the LHTES tank starts around the coil-type heat 

exchanger and spreads to the remaining volume. 

The variation of the average liquid fraction 

during the heat discharge process is given in 

Fig.8(a), and the released heat energy from 

RT55 during cabin interior heating (heat 

discharge) is given in Fig.8(b). At the beginning 

of the CFD analysis, the liquid RT55 inside the 

LHTES tank has a solidification process that 

slows down from the beginning to the end of the 

experiment with heat release. The solidification 

process, which slowed significantly near the end 

of the experiment, resulted in a 46% liquid 

fraction. The main reason for this is the decrease 

in the heat transfer rate due to the increase in the 

temperature of the heating volume, which has a 

temperature of 283 K at the beginning, and the 

decrease in the heat energy stored in the LHTES 

tank over time. As seen in Fig.8(b), with the start 

of the heat discharge process, the amount of heat 

transferred from the liquid RT55 in the LHTES 

tank to the HTF increased, and the total amount 

of heat released from the RT55 reached 1141 kJ 

at the 1500th second. At the beginning of the 

heat release process, the amount of heat released 

as latent heat with heat discharge in RT55, 

which was completely in the liquid phase at the 

beginning of the experiment, and the amount of 
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sensible heat released from the solid phase of 

RT55 increased, while the amount of sensible 

heat released from the liquid phase of RT55 

decreased. 

 
a) 

 
b) 

Fig.8(a) Variation of average liquid fraction, and (b) 

released heat energy from RT55 during heat discharge 

process 

Fig.9 illustrates the variation of flow speed 

contours during the heat discharge process. 

With the start of the heat release, the flow speeds 

of the RT55 around the coil heat exchanger 

decreased to 0.01 m/s, and after the 200th 

second, the flow movement around the coil heat 

exchanger came to a standstill (approximately 0 

m/s) with the onset of full solidification. In fact, 

just outside the solidification layer in the coil-

type heat exchanger body, there is also a thin 

layer of RT55 with flow speeds varying between 

0.02-0.03 m/s (see the flow speed contour at the 

100th second). In addition, it is seen that the 

decrease in flow speeds with solidification 

extends to the entire volume of the LHTES tank. 

It should be noted that the regions where the 

flow rates came to a standstill during the heat 

discharge correspond to the regions where full 

solidification takes place in the fluid fraction 

contours in Fig.7. 

4. Conclusions 

The general results of the study in which the use 

of exhaust waste heat energy stored in the 

LHTES system for cabin interior heating of a 

passenger car in cold climate conditions was 

examined by experimental and CFD analysis are 

listed as follows: 

At the start of the experiment, the RT55 in the 

LHTES tank is in the liquid phase at a 

temperature of 353 K, while the interior 

temperature of the passenger car and the 

temperature of the HTF are approximately 283 

K. On the other hand, the inlet and outlet 

temperatures of the HTF, which were 283 K at 

the beginning of the experiment, reached 308 K  

t=25 s t=50 s t=100 s t=200 s 

 

    
t=400 s t=800 s t=1200 s t=1500 s 

    

Fig.9. Variation of flow speed contours during the heat discharge process 
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at the end of the experiment, almost 

equalizing each other. The temperature of the 

cabin interior, which was 283 K at the 

beginning of the experiment, reached 295 K 

within the first 5 minutes with the start of the 

heat discharge from the LHTES system, 

maintained this value up to the end of the 

experiment, and even increased up to 297 K. 

• There is less than a 3% difference between 

the experimental and CFD analysis 

temperature results of the RT55 inside the 

LHTES tank during cabin interior heating 

(heat discharge). This finding shows that the 

temperature, liquid fraction, and velocity 

contours and numerical values obtained by 

CFD analysis are quite close to the 

experimental results and are reliable. 

• The CFD analysis results (i.e., temperature 

and liquid fraction) show that the 

solidification process in the RT55 inside the 

LHTES tank during heat discharge starts 

around the coil-type heat exchanger and 

spreads from the bottom of the tank to the 

upper surface. At the end of the heat 

discharge process, it was observed that 

approximately 54% of the RT55 in the 

LHTES tank had solidified (46% liquid 

fraction), and the flow speeds around the 

serpentine-type heat exchanger approached 

zero. The total heat (latent and sensible) 

released in 1500 seconds with the heat 

discharge from the RT55, which is 

completely in the liquid phase at the 

beginning, is 1141 kJ. 

The general findings of the paper show that the 

thermal comfort of the driver and passengers via 

the cabin interior heating system realized with 

the LHTES system can be provided in as little 

as 5 minutes, and these conditions can be 

protected for more than 25 minutes. In future 

studies, it is important to integrate the cabin 

interior heating system, which has the LHTES 

system, with the air conditioning system of the 

car and test it in real-word climate conditions. 
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Nomenclature  

CFD  Computational fluid dynamics 

HTF  Heat transfer fluid 

LHTES Latent heat thermal energy 

storage 

PCM  Phase-change material 

�⃗�  Velocity vector 

�̇�𝑙_ℎ𝑒𝑎𝑡   Energy released as latent heat 

during the solidification process 

�̇�𝑙_𝑝ℎ𝑎𝑠𝑒  Energy of the liquid RT55 

�̇�𝑠_𝑝ℎ𝑎𝑠𝑒  Energy of the solid RT55 

�̇�𝑡𝑜𝑡𝑎𝑙  Total energy stored by RT55 

𝐽𝑗  Diffusion flux 

�̇�𝑙_𝑝ℎ𝑎𝑠𝑒  Instantaneous mass of liquid 

�̇�𝑠_𝑝ℎ𝑎𝑠𝑒  Instantaneous mass of solid 

𝑣𝑝⃗⃗⃗⃗⃗  Shrinkage velocities 

𝜏̅̅  Stress tensor 

∆𝑡𝑓𝑙𝑜𝑤   Flow time 

�⃗�  Outer body forces 

𝐿𝑓_ℎ𝑒𝑎𝑡  Latent heat of fusion 

𝐿𝑓𝑟   Liquid fraction 

𝑁𝑓𝑖𝑙𝑚  Number of film time 

𝑐𝑝𝑙_𝑝ℎ𝑎𝑠𝑒  Specific heats for liquid 

𝑐𝑝𝑠_𝑝ℎ𝑎𝑠𝑒  Specific heats for solid 

𝑚𝑅𝑇55  Total mass of RT55 

∅  Amount of turbulence dissolved 

∆H  Sum of the sensible 

Amush  Mushy region constant (10-6) 

cp  Specific heat 

E  Total energy 

Gb  Generation of turbulent kinetic 

energy with the effect of buoyancy 

Gk  Generation of turbulent kinetic 

energy with the effect of an average velocity 
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gradient 

h  Latent heats 

h  Enthalpy  

keff  Heat transfer coefficient 

Sh  Heat generated by any method 

Sm  Mass that transferred between 

phases in the two-phase case 

Tliquidus  Liquefaction temperatures 

Tref  Temperature 

Tsolidus   Solidification temperatures 

β  Liquid fraction 

ε  Number for divide-by-zero error 

Μ  Molecular viscosity 

ρ  Density 

𝐼  Unit tensor 

𝑝   Static pressure 

𝜌�⃗�   Gravity body force 
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