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Abstract 

This study presents a numerical and experimental analysis of two models of latent heat 

storage systems using heat exchangers with phase change material (PCM). The models 

utilized were helically coiled tube heat exchangers (HCT-HX) and innovative tube heat 

exchangers (IT-HX).  The models were analyzed for two distinct injections of Heat Transfer 

Fluid (HTF) from the upper section of the models. The comparison of both scenarios showed 

that varying the Heat Transfer Fluid inlet while maintaining a constant mass flow rate 

significantly influences the duration of the melting process. In comparison, the melting time 

for (HCT-HX) decreases by 11.2%, whereas (IT-HX) results in a 24% delay in melting. The 

model in (HCT-HX) has the best thermal performance and the quickest melting time because 

of the geometry of it.  A high degree of concordance was seen when the numerical and 

experimental outcomes were compared. 
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Introduction 

Solar energy is one tool in the fight against the energy problem, but its unreliability makes it less 

respectable and dependable than more conventional options. Consequently, it would appear that 

the requirement for thermal energy storages is driving up solar energy's acceptability; these 

storages capture thermal energy when it's abundant and put it to use when it's scarce.  It is 

preferable to convert thermal energy into latent heat rather than sensible heat for some materials 

since the latent heat is substantially larger [1].  Phase Change Materials (PCM) are the building 

blocks of latent heat storage systems. Their moniker comes from the fact that, when they undergo 

a melting and solidification cycle during charging and discharging, their phase changes. PCM 

undergoes a phase transition from solid to liquid and back again throughout the melting and 

solidification processes; during the former, it absorbs heat from its perimeter, and during the latter, 

it releases heat, transforming back into a solid.  The thermal energy that is either emitted or 

absorbed during the PCM's phase shift is known as latent heat [2-4].  

One major issue with employing PCM for storing heat was their low thermal conductivity, which 

slows down the charging and discharging rates and impacts the phase transition.  Because of this, 

the prospect of storing and recovering thermal energy is severely diminished.  As a result, 
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enhancing heat transmission is one of the necessary and vital steps.  This issue can only be resolved 

by utilizing materials that enhance PCM heat transmission, such as stable solid inserts made of 

graphene or metallic arrays [5,6]. 

Numerous previous studies aimed to discover the optimal method for transferring the most 

quantity of heat generated by the heat-storage medium to the heat transfer medium.  Finding the 

most suitable PCM- for example, paraffin wax- has been the subject of several studies, while others 

have suggested optimized heat exchanger designs [7]. 

An experimental assessment of the thermal performance was conducted on two distinct finned 

Systems for latent heat storage, one with circular fins and the other with longitudinal fins [8].  

Results shown that overall charging time may be reduced by 69% with circular fins and by 55% 

with longitudinal fins. Additionally, they found that circular fins improved cumulative energy 

storage by about 52% when compared to longitudinal fins.  

For the purpose of melt paraffin in thermal containers, a three-dimensional computational and 

experimental investigation was carried out [9].  The vertically oriented modified test module 

features a 3 mm PVC casing and a 0.5 mm thick copper nozzle.  A ten-millimeter-thick covering 

of Styrofoam shields the models from dampness.  When comparing both the experimental and 

numerical findings of the temperature (Temp) distribution, there was a good agreement.  

Additionally, it has been proven that the nozzle-and-shell model had the best melting process when 

compared to other models. Although reducer-and-shell was the most inefficient.  Analyze and 

compare the phases of latent heat thermal storage's melting and solidification in a solar water 

heating system.  Using an evacuated heat pipe and latent heat storage, they propose a novel design 

for a solar water heater that saves space.  Compared to the baseline, the proposed system was 

around 10%-58% more efficient across all three PCMs [10].  

Employing fins and nanoparticles. [11] expedited the phase change material discharge of a heat 

exchanger in thermal power storage with a triple-pipe. PCM was analyzed numerically as a 

medium for thermal storage in a solar water collector [12]. The CFD predictions align well with 

the previously evaluated and publicized experimental data referenced in [13]. A theoretical and 

experimental study was conducted by [14] to investigate the melting of a phase-change material 

in a heat exchanger using a triplex tube with longitudinal and triangle fins.  External triangle fins 

improved performance by 15%, external-internal fins by 12%, and internal triangle fins by 11%.   

The phase-change materials (PCM) with longitudinal fins and triangle fins were tested for energy 

storage capacities; the results showed that the triangle tube with external fins was the most 

effective for rapid PCM melting. 

A numerical study is performed on both models: a cylindrical form and a tube with comparable 

heat transfer regions inside a tube and shell heat exchanger [15]. The results were evaluated for 

vertical and horizontal types with varying fluid intake. When the model was placed vertically with 

the heat transfer fluid input at the base, the thermal storage and melting rate were optimized.   The 

results showed that the horizontal cylinder outperformed the horizontal tube.  [16] performed 

theoretical and experimental research on a vertical thermal storage model, comparing the conical 

and cylindrical geometries of tube and shell heat exchangers during both charging and discharging. 

The findings showed that the conical geometry charged faster than the cylindrical geometry, 

although there was little difference between the two models when discharging. 
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According to the abovementioned research, heat exchangers are crucial for thermal energy 

storages, and PCMs play a key role in improving the thermal performance of these spaces. 

Consequently, this study aims to use two models HCT-HX and IT-HX to conduct an experimental 

and numerical examination of thermal energy storage. 

 

2. Physical Models and Numerical Work 

The helical coil and innovative pipe arrangement, covered in an insulated shell  as seen in Figure 

1, are designed by SOLIDWORKS software to examine the transient heat transfer processes 

associated with the melting and solidification of paraffin, as well as to compare the models 

regarding their thermal performance. The hot water circulates through the inner molds, with the 

paraffin wax (PCM amount is equal in the two models) in direct contact with these molds within 

the shell. 

 

Fig. 1. Physical layouts of the (a) HCT-HX, (b) IT-HX (all dimensions are in cm). 

The utilized (PCM) is paraffin, characterized by the parameters shown in Table I.  The (HTF) is 

water introduced from the upper section of the models to the lower section. 

 

Table 1. Thermal Characteristics of utilized paraffin wax. 

Fig. 1. Melting Temp Range (K)  Fig. 2. 321-335 

Fig. 3. Specific heat (J/kg·K) Fig. 4. 2000 

Fig. 5. Heat of fusion (J/kg    (  Fig. 6. 114540 

Fig. 7. Viscosity coefficient (kg/(m·s)) Fig. 8. 0.033 

Fig. 9. Conductivity (W/m·K) Fig. 10. 0.14 

Fig. 11. Thermal expansion coefficient (1/K) Fig. 12. 6*10-4 

Fig. 13. Density (kg/m3) Fig. 14. 820 
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In this study, the enthalpy method is employed for numerical simulation to predict the phase 

transition behavior of phase change materials (PCM) without the need for explicit tracking of the 

solid–liquid interface. The approach inherently accounts for the intermediate region between the 

two phases, known as the mushy zone, enabling a more direct treatment of the phase transition 

process by utilizing governing equations analogous to those of single-phase flow and heat transfer 

(Hosseini et al., 2014). The numerical model is formulated dependent on the transient Navier–

Stokes equations, incorporating the energy, momentum, and continuity equations, and is 

developed under the following assumptions: (i) the PCM is homogeneous and isotropic; (ii) the 

heat transfer fluid (HTF) exhibits Newtonian and incompressible flow characteristics; (iii) the 

thermal resistance of the tube wall is negligible due to the high thermal conductivity of the metallic 

material; (iv) the thermophysical properties of both PCM and HTF are temperature-independent, 

although distinct for the solid and liquid phases of the PCM; (v) heat loss from the system is 

negligible, implying that the outer surface of the shell is perfectly thermally insulated; and (vi) 

axial conduction in both the HTF and PCM is negligible. This modeling framework enables 

accurate and computationally efficient analysis of coupled heat transfer and phase change 

phenomena in latent heat thermal energy storage systems. 

According to [18,19], the continuity equation used in this study takes the following form: 
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑉⃗ ) = 0                                                     (1) 

Whereas (V, ρ, and t) denote the velocity, density, and time of PCM, respectively. 

According to [20], the momentum equations are as follows: 

𝜌 (
𝜕𝑉⃗⃗ 

𝜕𝑡
+ (∇. 𝑉⃗ )𝑉⃗ ) = 𝜇(∇2𝑉⃗ ) − ∇𝑃 +

(1−𝛽)2

(𝛽3+€)3
𝐴𝑚𝑢𝑠ℎ𝑉⃗ + 𝜌𝑔 𝛾(𝑇 − 𝑇0)         (2) 

 

Where μ is the viscosity of the PCM and P is the pressure. The solid PCM in the mushy zone is 

represented by the third term in the right-hand side, since (€) is a small number used to obviate 

division by zero [21]. The constant of a mushy zone; 𝐴𝑚𝑢𝑠ℎ is set at the magnitude that gives the 

best simulation results, which is 105 kg/m3s [22]. 𝑔  and 𝑇0 are the gravitational acceleration and 

the operating Temp.  

The energy equation is defined by [23]: 
𝜕

𝜕𝑡
(𝜌ℎ) + ∇. (𝜌𝑉⃗ ℎ) = 𝛻. (𝐾𝛻𝑇) +

𝜕(𝜌∇ℎ)

𝜕𝑡
+ ∇. (𝜌𝑉⃗ ℎ)                                   (3) 

 

 Where t, T, ρ, V, and K are time, the local Temp, local density, velocity, and thermal 

conductivity of PCM, ℎ is a sensible enthalpy [24]; 

ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝐶
𝑇

𝑇𝑟𝑒𝑓
𝑑𝑇 + 𝛽𝐿                                                                           (4) 

 

 Where   𝑇𝑟𝑒𝑓 refers to the reference Temp, ℎ𝑟𝑒𝑓 refers to the enthalpy at the reference Temp, 

L and 𝐶  refer to the liquid PCM heat (specific and latent). β refers to the liquid fraction of the 

mushy zone whereas its magnitude in this zone ranges from 0 to 1 [25]; 

𝛽 = 0                                            for      T < Tsolidus 

𝛽 =
𝑇−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
                     for      Tsolidus < T< Tliquidus            

𝛽 = 1                                            for      T > Tliquidus                                       (5) 
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The models were meshed using ANSYS FLUENT 2021 R1 as shown in Figure 2, evaluating three 

distinct cell sizes (0.5, 0.8, and 1). The cell size of 0.8 was selected to optimize result accuracy 

and computational efficiency. A time step of 1 was chosen from the available options (0.5, 1, and 

2) for the current simulations. 

 
Fig. 2. Mashing domain for HCT-HX and IT-HX. 

 

3. Experimental Work 

3.1 Experimental Setup 

Figure 3 illustrates the schematic design of the experimental setup. The system predominantly 

comprises a tube and shell heat exchanger, a thermal bath containing a 70 L water tank fitted with 

a 500 W electric heater, an 8 mm diameter copper pipe, thermocouples of the K type with a 

precision of ± 0.15℃ and a Temp range of 0-200℃, a turbine flow meter with an accuracy of 

0.25%, and an 8-channel multi-channel data logger. The experimental configuration included a 

0.37 KW Melto Power circulation pump, accompanied by the necessary pipework and valves for 

water flow management. The experimental PCM storage test section has two heat exchanger 

designs housed inside a transparent cylindrical Perspex shell: the helical coil tube and the novel 

tube system. 
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Fig. 3. Schematic diagram and the apparatus of the experimental work. 

3.2 Test Procedure 

The following steps describe the strategy for this task:  

1. Fill the test portions with paraffin wax to a height of 20 cm. 

2. Fill the tank with water up to three-quarters full. 

3. Activate the heater and adjust the thermostat to 60℃.  

4. Activate the circulating pump when the water attains a Temp of 60℃. 

5. Regulate the flow rate using the valves, first setting it to 3 liters per minute and adjusting 

the flow rate to remaining at 3 liters per minute. 

6. Measure the Temp using a Temp measurement device linked to the computer every 5 

minutes to preserve the readings immediately. 

 

3.3 Uncertainty Analysis 

In error analysis, a number of independent and dependent factors are used to quantify the 

measurement errors in the experimental data. These variables include Temp, flowmeter, enthalpy, 

and liquid fraction. One way to assess the mistakes made by these variables (𝑊𝑅+) is as follows 

[26]: 

 

𝑊𝑅+ = √(
𝛿𝑅+

𝛿𝑋1
 𝑤1)2 + (

𝛿𝑅+

𝛿𝑋2
𝑤2)2 + ⋯+ (

𝛿𝑅+

𝛿𝑋𝑛
𝑤𝑛)22

              (6) 

 

If the independent error variable is w1, w2 …wn, and the independent variables X1, X2 …Xn 

determine R+.  A thorough summary of the study's main results is given in Table 1. 
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Table 2. Absolute Accuracy 

Fig. 15. Independent variables Fig. 16. Variable errors 

Fig. 17. Inlet water Temp (℃) Fig. 18. ∓0.03 

Fig. 19. Outlet water Temp (℃) Fig. 20. ∓0.03 

Fig. 21. Temp of PCM (℃) Fig. 22. ∓0.036 

Fig. 23. Dependent variables Fig. 24. Variable errors 

Fig. 25. Liquid friction (-)  Fig. 26. ∓0.05 

 

4. Results and Discussions 

Figure 4 depicts the anticipated outcomes from the numerical simulation of the Temp distribution 

over time for HCT-HX.  The paraffin Temp begins at 300 K, while the water flow is at 340 K with 

a mass flow rate of 3 L/min.  Subsequently, the paraffin Temp rose with the passage of time.  The 

Temp near the nozzle surface increased more rapidly as heat transfer occurred, imparting sensible 

heat to the paraffin in its solid state.  The Temp stabilizes, signifying that the paraffin absorbs heat 

and raises its original Temp to the melting point, facilitating the phase transition from solid to 

liquid.  The Temp often remains constant over time, representing the presence of latent heat in the 

paraffin.  Subsequently, the paraffin Temp was raised until it matched the Temp of the hot wall.  

That is, the heat absorbed (sensible heat) by the liquid phase allows water moving inside the model 

to charge the paraffin with stored energy over time.  At 3500 seconds, the Temp was rising swiftly 

to the melting point in the HCT-HX model, where the heat stored in the paraffin was in the form 

of sensible heat.  Subsequently, at 6600 seconds, the paraffin begins melting at a rate surpassing 

that of IT-HX. 

 
Figure 4: The paraffin CFD temp distribution contours of HCT-HX models. 
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Figure 5 illustrates the anticipated contours of paraffin Temp distribution during the melting 

process for the IT-HX models, as derived from the numerical simulation.  The starting Temp of 

the model walls is 340 K, according to the water Temp in the flow model.  Heat is conducted from 

the walls to the paraffin, thereby increasing with time.  At 6000 seconds, the Temp was quickly 

ascending to the melting point in the IT-HX model, where the thermal energy contained in the 

paraffin was in the form of perceptible heat.  Subsequently, at 8900 seconds, the paraffin exhibits 

a lower melting rate than both HCT and HX.  The amount of paraffin sections with a nozzle 

exceeds that of the HCT-HX.  At 8900 seconds, it is evident that the buoyancy force of liquid 

paraffin and the amount of paraffin exceed that of the HCT-HX. 

 
Figure 5: The paraffin CFD temp distribution contours of IT-HX models. 

 

Figure 6 illustrates the Temp distribution for both HCT-HX and IT-HX dependent on the 

experimental findings.  The Temp profiles for both scenarios exhibits similarities. During the 

initial phase of the melting process, the Temps of HCT-HX at 6000 seconds are comparable to 

those of IT-HX. However, in the latter phase at 9000 seconds, the Temp of HCT-HX surpasses 

that of IT-HX, attributable to a greater accumulation of paraffin at the upper section of the model, 

resulting in a delay in the melting process at that location.  HCT-HX completes the melting process 

more rapidly than IT-HX, which failed to achieve melting at these water operational 

circumstances. 
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Figure 6: Temps distribution of HCT-HX and IT-HX. 

 

Figure 7 displays the contrast between the experimental and numerical findings of paraffin temp 

for the HCT-HX and IT-HX models.  The numerical findings closely approximate the 

experimental results.  The temp of the paraffin with the HCT-HX is elevated compared to the IT-

HX model in both computational and experimental data.  

 
Figure 8: Numerical and Experimental temp distribution for HCT-HX and IT-HX.  
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Figure 8 illustrates the expected liquid fraction outcomes inside paraffin, derived from CFD 

simulation results and experimental data in vertical slices aligned with the water flow through the 

suggested models (HCT-HX) at various time intervals (300, 3600, 7200, and 12000 seconds).  

Initially, the melting process commenced, representing that heat was transmitted by conduction, 

parallel to the heated wall, mirroring the behavior described in [27].  

After 300 seconds, all models exhibit paraffin in its solid form.  It is shown that after 2000 and 

3600 seconds, the paraffin begins melting next to the wall, with the HCT-HX model exhibiting a 

greater extent of melting compared to the IT-HX models.  

Subsequently, when examining the numerical data at (7500 s) and (11000 s), alongside the 

experimental findings at (6600 s) and (8900 s) for the models, it is evident that the paraffin 

commenced full melting at the onset of the first half of the wall's length in the direction of flow.  

The HCT-HX model exhibited the fastest melting process, while the IT-HX model had the longest 

melting duration. 

The decrease in melting time gained by the HCT-HX model is 12% and 15.7% compared to the 

IT-HX model, as shown by both computational and experimental findings.  

 
Figure 8: Numerical and Experimental Liquid Fraction for HCT-HX and IT-HX.  

Generally, a reduction in the time necessary to melt the amount of paraffin, relative to the unique 

design of the heat exchanger, resulted in two significant advantages:   The primary advantage is 

that time is seen as an expense; hence, its reduction signifies a decrease in the cost of the heat 

exchanger.  The second advantage is that if the time needed for melting is used in comparison to 

the novel design, it suggests the feasibility of producing a smaller exchanger that delivers 

equivalent efficiency and performance to the unique heat exchanger.  This decreases the 

production costs of the heat exchanger while maintaining equivalent efficiency and performance. 
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5. Conclusion  

The study examined latent heat storage with HCT-HX and IT-HX, employing paraffin as a(PCM) 

and water at 340 K as the (HTF) with a mass flow rate of 3 L/min.  Dependent on the quantitative 

and empirical findings, the following conclusions were chosen:  

1. The paraffin-water system of storage has a distinct pattern compared to the paraffin-lauric acid 

system.  The temp rose linearly, disregarding the melting point, as the solid material at 300 K 

transitioned immediately to the phase change material at 331.9 K within a brief duration and 

without resistance. 

2. As temp increases, the duration of deactivation extends.  As the PCM undergoes rapid melting, 

its melting level diminishes.  The significant temp disparity between phase change materials 

and heat transfer fluids is primarily responsible.  Enhances HTF-PCM interaction by 

augmenting their temp difference.  Consequently, HCT-HX will exhibit a quicker melting rate 

than IT-HX, thus diminishing heat storage duration. 

3. The overall behavior of the liquid percentage and temps for both models, in relation to the 

modification of the water inflow, is mostly same, with the exception of the melting completion 

time. 

4. The HCT-HX decreases the melting time by 25%, whilst the IT-HX prolongs it by 31%. 

5. In the IT-HX, 14 tubes exacerbate pressure loss while in contact with paraffin, hence impeding 

the melting process. 
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