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Abstract 

Latent Thermal Energy Storage (LTES) is an interesting choice to store 

thermal energy in a sustainable energy system. The primary benefit of LTES 

is the relatively high latent heat of fusion of the materials, known as Phase 

Change Materials (PCM), used in such a system as the storage medium. 

However, as the thermal conductivity of PCMs is often very low, there is a 

need to enhance the rate of heat transfer within the charging/discharging 

process and to improve the thermal performance of the LTES systems.  

 

This thesis addresses the enhancing effect of extending heat transfer area in 

rectangular LTES enclosures. A key contribution of this thesis is a 

comprehensive visualization of the phase change processes for an organic 

PCM, including solidification and melting, constrained as well as 

unconstrained, known as Close-Contact Melting (CCM), in a cavity with and 

without fins. Observations have been carried out for fins of different lengths 

and numbers with a varying angle of inclination, and a comprehensive analysis 

in terms of phase change time and thermal power is conducted.  

 

The observations show fins are more influential in solidification than in 

melting, reducing the solidification time by 80% and increasing the mean 

power by 395%, at a cost of 10% loss in the extracted energy. In contrast, in 

melting, fins have a modest effect in enhancing the process. The relative 

enhancement effect of fin is higher in constrained melting than in 

unconstrained melting. In a case with maximum enhancement, a reduction by 

52% in the constrained melting time and a relative enhancement in the mean 

power by 90% is achieved at a cost of 9% loss in the stored energy. As the 

volume fraction of fin increases, the discrepancies in melting time between 

the constrained and unconstrained melting diminishes.  

 

A numerical model for solidification and constrained melting is validated 

based on the experiments, and a more inclusive sensitivity analysis of fin 

parameters is performed. The enhancing effect of different parameters on the 

phase change time and the thermal power is analyzed and the relatively more 

effective measures are identified. Analyzing the simulation data with 

dimensionless parameters for a cavity oriented horizontally and enhanced 

with vertical fins, overall dimensionless groups for solidification and 
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constrained melting have been obtained. The dimensionless groups 

contribute in general to achieving a better understanding of fins parameters 

and to facilitating the LTES designs.  

 

In addition, this thesis investigates a novel idea of extending the surface area 

via incorporating mini-channels into LTES enclosures, used as passages for 

air as a low thermal conductive Heat Transfer Fluid (HTF). The mini-scale 

internal hydraulic diameter of the mini-channels and their high external area-

to-volume ratios make a potential for dual enhancement on both the PCM 

side and the HTF side. An existing design and a conceptual one with the 

possibility of adding fins on the PCM side, capable of being manufactured via 

production methods of extrusion and Additive Manufacturing (AM), 

respectively, have been simulated and studied. 

  

The two mini-channel types provide considerable enhancements in the rate 

of heat transfer for a PCM heat exchanger working with air. The degree of 

enhancement increases as the air flow rate increases, at the cost of an 

increasingly higher pressure drop. Regarding this, increasing the number of 

channels is identified as a more effective enhancing measure than adding fins 

to the PCM side. In addition, the conceptual design with a higher internal 

hydraulic diameter and considerably a higher aspect ratio has a lower pressure 

drop than the existing design, charging/discharging the thermal energy at a 

similar rate but with a lower fan power. More optimized designs with 

minimization of pressure drop, contribute to paving the way in facilitation of 

the utilization of the enhanced air-PCM heat exchanger in various 

applications.  

 

 

Keywords 
  

phase change material, solidification, melting, close contact, rectangular, fin, 

mini-channel 
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Sammanfattning 

Latent termisk energilagring (LTES) är ett intressant val för att lagra termisk 

energi i ett hållbart energisystem. Den primära fördelen med LTES är den 

relativt höga smältvärmen av materialet, känt som fasändringsmaterial (PCM), 

som används som lagringsmedium i ett sådant system. I och med att  

värmekonduktiviteten hos PCM ofta är mycket låg finns det ett behov av att 

öka värmeöverföring-hastigheten för  laddnings-/urladdningsprocessen samt 

att förbättra LTES-systemens termiska prestanda. 

 

Denna avhandling tar upp den förstärkande effekten av att utöka 

värmeöverföringsytor i rektangulära LTES-behållare. Ett nyckelbidrag i 

denna avhandling är en omfattande visualisering av 

fasförändringsprocesserna i ett organiskt PCM, inklusive frysning/stelning 

och smältning, både som begränsad (fastnat) smältning och obegränsad 

(rörande) smältning, även känt som Close-Contact Melting (CCM), i en 

behållare med och utan flänsar. Observationer har gjorts för flänsar av olika 

längd samt antal, med varierande lutningsvinkel och en omfattande analys av 

processerna vad gäller fasändringstid och medeleffekt genomförs. 

 

Observationerna visar att flänsar är mer effektiva vid stelning än vid 

smältning, vilket minskar stelningstiden med 80% och ökar medeleffekten 

med 395%, dock minskar den utvunna energin med 10%. Däremot har flänsar 

vid smältning en måttlig effekt vad gäller att förbättra processen. Den relativa 

förstärkningseffekten av flänsarna är högre vid begränsad smältning än vid 

obegränsad smältning. I ett fall med maximal förbättring uppnås en 

minskning på 50% av den begränsade smälttiden och en relativ förbättring av 

medeleffekten på 90%, samtidigt som den lagrade energin minskar med 9%. 

När volymfraktionen av flänsarna ökar, minskar skillnaderna i smälttid mellan 

den begränsade och obegränsade smältningen. 

 

En numerisk modell för stelning och begränsad smältning valideras baserat 

på experimenten, och en mer utförlig känslighetsanalys av flänsparametrar 

utförs. Den förstärkande effekten av olika parametrar på fasändringstiden och 

den termiska effekten analyseras och de relativt effektivare åtgärderna 

identifieras. Genom att analysera simuleringsdata med dimensionslösa 

parametrar för en kavitet orienterad horisontellt och förstärkt med vertikala 
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flänsar, har övergripande dimensionslösa grupper för stelning och begränsad 

smältning erhållits. De dimensionslösa grupperna bidrar generellt till att 

uppnå en bättre förståelse av flänsarnas parametrar och till att underlätta 

LTES-designerna. 

 

Denna avhandling undersöker dessutom en ny idé om att utöka ytan genom 

att introducera minikanaler i LTES-värmeväxlare, som används som passager 

för luft som en lågt värmeledande värmeöverföringsvätska (HTF). 

Minikanalernas interna hydrauliska diameter och deras höga externa area-till-

volym-förhållanden skapar en potential för dubbel förbättring på både PCM-

sidan och HTF-sidan. En befintlig design och en konceptuell med möjlighet 

att lägga till flänsar på PCM-sidan, som kan tillverkas via tillverkningsmetoder 

extrusion respektive Additive Manufacturing (AM), har simulerats och 

studerats. 

  

Den termiska prestandan hos de två minikanaltyperna ger en avsevärd 

förbättring av medeleffekten för en PCM-värmeväxlare som arbetar med luft. 

Förbättringen ökar när luftflödet ökar, till priset av ett allt högre tryckfall. 

Angående detta identifieras ökning av antalet kanaler som en mer effektiv 

förbättrande åtgärd än att lägga till flänsar på PCM-sidan. Dessutom har den 

konceptuella designen med en större inre hydraulisk diameter och större 

proportioner ett lägre tryckfall än den befintliga designen, samt genomför 

laddning/urladdning av termisk energi i samma takt men med lägre 

fläkteffekt. Mer optimerade konstruktioner med minimering av tryckfall 

bidrar till att underlätta användning av den förbättrade luft-PCM 

värmeväxlaren i olika applikationer. 

 

Nyckelord 
fasändringsmaterial, stelning, smältning, rektangulär, fläns, mini-kanal 
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1 Introduction 

With the growing trend of the world population, renewables are alternative 

energy resources to tackle and mitigate the pressing threat of increasing 

greenhouse gas emissions. However, harnessing the intermittent renewable 

energies such as solar and wind to match the energy demand is a fundamental 

challenge. In this regard, energy storage plays a decisive role in having a 

reliable and resilient energy infrastructure [1].  

 

The available stored energy for later use in a desired time has many benefits 

in different cases. Employment of energy storage increases the flexibility of 

the electrical grid system and facilitates the integration of the excessive 

intermittent renewable energies into the grid system [2]. It provides smooth 

and reliable energy resource for stand-alone, remote and off the grid 

complexes with renewable energy [3]. It contributes to increasing the 

efficiency of the system performance and to reducing the associated cost [4]. 

It improves the mobility of specimens with the need for energy, e.g. mobile 

phones and electrical vehicles. 

 

Energy storage contributes to cases with different modes of mismatch 

between supply and demand [5]. One mode, as an example, is when energy 

supply varies with time while there is an uninterrupted demand. Another 

mode is a case where the supply availability and the demand tend to be 

completely at separate times. An example of this in the long term is the 

mismatch between the available thermal energy in summer and the demand 

for thermal energy in winter, in which a seasonal energy storage can be of use. 

In another condition, when there is a sharp peak in energy demand, energy 

storage can be employed for peak-load shifting. Depending on various 

applications and their corresponding demands, different energy storage 

methods and operating strategies can be implemented. Energy storage could 

be of use to couple different energy sectors with different forms of energy 

such as electricity and thermal energy to secure a flexible and resilient energy 

system [6,7]. Availability of energy is a crucial matter in achieving a sustainable 

future and accomplishing sustainable development goals (SDGs). 
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1.1 Background 
With Thermal Energy Storage (TES), thermal energy is stored to be used in 

another condition in the future. TES is classified into three major categories 

of sensible, latent and thermochemical energy storage [8]. In Sensible Thermal 

Energy Storage (STES), the temperature of the storage medium within the 

temperature boundaries imposed by applications varies with no phase change. 

In Latent Thermal Energy Storage (LTES), the storage material besides 

temperature change undergoes a phase change, e.g. solid to liquid or vice 

versa. In thermo-chemical energy storage, heat is stored or released via 

reversible chemical reactions. In LTES, which is the focus of this thesis, 

materials experiencing the solid-liquid phase change are known as Phase 

Change Materials (PCM). The primary advantage of PCMs is their high latent 

heat of fusion, enabling them to store or release a considerable amount of 

thermal energy for a relatively small volume [9]. Besides the major advantage 

of having a high energy density, a PCM needs to have other characteristics. A 

suitable PCM candidate needs to have as high specific heat capacity and 

density as possible and preferably a low volume change within the operating 

temperature range. Also, it needs to have a good stability and recyclability 

when undergoing thermal cycling in the long term [10]. Yet, importantly, a 

PCM needs to have a high thermal conductivity to have a fast 

charging/discharging process. PCMs, majorly classified into organic and 

inorganic materials like paraffins and salts, respectively, have a low thermal 

conductivity resulting in a low rate of heat transfer and a long phase change 

process [11]. Augmenting the thermal conductivity improves the conductive 

heat transfer within the phase change processes. However, conduction may 

not be the only mechanism, but natural convection can also play a role. To 

improve the thermal performance of the current PCMs, there is a need to 

look into the mechanisms of heat transfer within the phase change process.   

 

1.1.1 Heat Transfer Mechanisms in Phase Change 
Conduction and natural convection are the mechanisms governing the phase 

change process. Natural convection may exist upon the phase change because 

of the change in the density of liquid as a function of temperature. In 

solidification, the process is majorly controlled by conduction. Natural 

convection has an insignificant effect, except in a case of freezing a 
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superheated liquid, where convection influences the early stages of the 

process.  

 

In a conduction-controlled solidification, solid layer formed on a cooling 

surface grows inward uniformly [12]. On the other hand, in melting of an 

organic PCM, in addition to conduction, natural convection may contribute 

to the process, provided the solid specimen does not move. The patterns of 

natural convection depend on the geometry of the storage unit and its 

orientation. For instance, in a vertical cylinder, the buoyancy forces circulate 

the liquid along the cylinder and form an inclined melt front [13,14]. On the 

other hand, in a cylinder oriented horizontally with a fixed solid bulk, natural 

convection forms primary vortices on the upper side of the cylinder and 

secondary vortices below the constrained solid specimen. Within the primary 

vortices, the warm liquid ascends along the inner cylinder wall and the cold 

liquid descends along the cold PCM surface. Meanwhile, the secondary 

vortices contribute to the melting from below [15]. In a horizontally oriented 

concentric heat exchanger, where PCM is located in the annulus and heated 

by the inner cylinder, convective flows emerge around the cylinder and cause 

a rapid melting on the upper section. To melt the PCM at the lower section, 

a relatively longer time is needed, as natural convection vanishes and 

conduction governs the melting [16].  

 

In melting by a vertical wall, similar to a vertical cylinder, convection flow 

develops between the wall and the solid PCM and causes an inclined melt 

front [17]. In a constrained melting by a horizontal plate from below, the 

buoyancy forces induce cellular, periodic and three-dimensional vortices, 

known as Benard cells. The presence of such vortices creates a wavy irregular 

dome-shaped solid-liquid interface [18]. In a melting by an inclined surface, 

the warm liquid rises vertically away from the inclined walls in multiple 

vortices along the inclined wall, impinges on the solid PCM and falls down 

toward the inclined wall. Such vortices have helical patterns and cause 

multiple grooves on the solid-liquid interface [19].  

 

The convective patterns contribute majorly to melting as long as the solid 

specimen is constrained with no movements. In some cases, solid specimen, 

detached from all the surrounding surfaces, moves downward under the 

gravity force and retains contact with the below surface, as often PCMs in the 
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solid phase have a higher density than in the liquid phase. Such a melting 

mode, in literature, has been referred to as Close Contact Melting (CCM) [20] 

or Direct Contact Melting [21]. The falling of solid shifts the governing 

mechanism within melting from the natural convection to the conduction 

across the thin melt layer formed between the consistently sinking solid bulk 

and the below surface. The thin film within the gap has a small resistance and 

causes a high melting rate. Sparrow and Geiger experimentally investigated 

melting in a horizontal tube [22] and compared the two modes of constrained 

and close-contact. They reported that the melting rate in the close-contact 

mode was higher by 50-100% than that of the constrained mode.  

 

1.1.2 Enhancement Techniques 
The major enhancement techniques to improve the governing mechanisms 

of phase can be summarized as extending the heat transfer surface area, e.g. 

by employing fins, and fabricating PCM composites to augment the thermal 

conductivity of the storage medium. Employing such techniques in LTES 

could accelerate the phase change process, but compromises the storage 

capacity as a consequence of the lowered PCM packing factor (PF). 

 

Using fins can enhance the rate of heat transfer considerably. However, in 

constrained melting, where natural convection plays a critical role, 

incorporation of fins could hamper the buoyancy-driven flow depending on 

the type and the orientation of fins [23]. Kamkari and Groulx [24] showed 

experimentally that vertically oriented fins in a rectangular enclosure can have 

a better performance in constrained melting, as compared to the horizontally 

oriented ones, as in the former the convective flows were not obstructed by 

the fin structures.  Increasing thickness, length, and number of fins could 

enhance the heat transfer rate, though they result in lowering the PCM 

volume fraction. Increasing the fin thickness is reported to have a minor 

effect on heat transfer augmentation, while increasing the length and the 

number of fins can have a promising influence [25,26].  

 

The melting process can be significantly shortened in case close-contact is 

achieved. Kozak et al. [27] showed that in a circularly finned coaxial 

component, oriented vertically, the close-contact melting process can be by 

2.5 times shorter than the constrained melting. In another study, Rozenfeld 
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et al. [28] presented a helically finned design of a coaxial tube in which the 

fins could be connected to the shell without suppressing the convective flow 

along the axis of the component, facilitating both accomplishing the close-

contact melting and the formation of consistent convective motions.  

 

Fins can be optimized to maximize the convective effect in melting. Nakhchi 

and Esfahani [29] showed numerically that melting in a side heated cavity can 

be improved with optimized downward stepped fins. However, the effect on 

the solidification process was not analyzed. Peng et al. [30] performed 

simulations in a top-heated cavity with T-type vertical fin and showed that an 

enhancement up to 63% can be achieved by optimization of the conduction 

and convection controlled regions. Although through optimization of fins 

melting could be enhanced, the influence of melting-oriented optimization on 

the solidification performance has not been widely reported. 

 

In an alternative category of enhancement, composite PCMs could be made 

to augment the overall thermal conductivity of the storage medium. Porous 

structures such as metal foams [31–33] and expanded graphite [34–37] are 

among the major candidates to increase the thermal conductivity. However, 

the composite structures suppress the buoyancy-driven motions within the 

phase change. Thus, conduction is expected to be the major governing 

mechanism of heat transfer. 

 

The augmentation of thermal conductivity in composites highly depends on 

the formation of a percolation network [38]. In metallic porous structures, 

with a large porosity, ranging from 85% to 98%, the highly conductive 

percolating network can be easily formed. Using nickel, copper, and 

aluminum, as the metal porous structures with porosities and pore sizes of 

85-98% and 0.1-5mm, respectively, could enhance the thermal conductivity 

of the composite by 4-44 times, as compared to the pure PCM [31,33,39]. In 

a graphite based composite, the bulk density of the composite can 

significantly affect the enhanced thermal conductivity of the composite. For 

an expanded graphite based composite PCM, Mills et al. [40] showed that, 

with achieving a higher bulk density of the composite via a  compression 

process, thermal conductivity could be enhanced  by 20-60 and 30-130 times 

in perpendicular and parallel directions to the compression direction, 
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respectively. However, with higher bulk densities the latent heat of the 

composite reduces by about 30%. 

 

In achieving an enhanced thermal performance, increase in the thermal 

conductivity is not the only indicator, but the thermal response of composite 

PCMs within the phase change needs to be studied as another important 

indicator. Siahpush et al. [41] evaluated the thermal response of a copper 

foam/eicosane composite with a porosity of 95%. As a result of a sevenfold 

increase in the thermal conductivity, the phase change time decreased to 23% 

and 50% of the pure PCM case in solidification and melting, respectively.  

 

Xia et al. [36] experimentally studied the phase change process of an EG-

paraffin composite. For an EG mass fraction of 10%, the thermal 

conductivity was enhanced by a factor of 10. In terms of thermal response, 

the time for a complete phase change of PCM was reduced by 49% in melting, 

and 66% in solidification. In another study, Al-Shannaq et al. [42], working 

on novel graphite based composite spheres with a 12 fold enhanced thermal 

conductivity, reduced the solidification and melting times of the composite 

by 54% and 44%, respectively. In a similar level of phase change 

enhancement, Zhang et al. [43] could reduce the melting time of a 

paraffin/EG composite with a mass fraction of 92% down  to 32% of the 

pure PCM. Accomplishing a higher degree of enhancement, Lv et al. [44] 

could decrease the melting and solidification times of a Polyethylene 

glycol/EG composite with EG mass fraction of 10% to, respectively, 5% and 

13% of the pure PCM phase change time. In the above cases, enhancement 

was attributed to the increase in the overall thermal conductivity while the 

natural convection mechanism was suppressed. 

 

Using metallic nanoparticles as additive results in a modest enhancement in 

the overall thermal conductivity with a significant increase in the viscosity. 

Ho and Gao [45] measured the thermal conductivity and the viscosity of a 

Al2O3/n-octadecane composite. It was observed that the increase in the 

dynamic viscosity was far greater than the enhancement in the thermal 

conductivity, deteriorating the natural convection effect. Fan and Khodadadi 

[46] conducted a freezing experiment of a nano-enhanced PCM composite, 

using cyclohexane and CuO as PCM and nanomaterial, respectively. 

Composites with CuO mass fraction of 1%, 2%, and 4% were fabricated and 
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tested. The highest enhancement was related to the composite with 2% of 

mass fraction, while the freezing time reduced only by 5%, compared to the 

freezing of the pure PCM.  

 

In conclusion, from the above review, it could be understood that increasing 

the overall thermal conductivity of the storage medium can be achieved, 

however, with a rather modest enhancement effect in the phase change time. 

This is achieved also at the cost of suppression of natural convection, and in 

some cases the gain in the thermal conductivity may not be considerable 

either. With fins, there is a possibility to optimize the convective effect of fins 

in constrained melting. Yet, this has been performed without consideration 

of its consequences on the solidification process.  

 

Also, attention needs to be drawn to the fact that mostly phase change time 

has been used as the indicator for assessment of the used enhancement 

techniques. As an enhancement technique is employed and the PCM packing 

factor is lowered, phase change time is no longer the only indicator. This is 

due to the fact that the decrease in phase change time is not only a result of 

the heat transfer enhancement but also a consequence of the reduction in the 

available energy amount. Thus, other indicators such as thermal power and 

storage capacity are needed to take into account the reduction of the PCM 

mass and to have fair assessments of the enhancing measures.  

1.2 Knowledge Gaps and Objectives 
To develop and design LTES systems, it is essential to consider enhancing 

the governing mechanisms involved in the phase change process, including 

conduction and convection. As mentioned in section 1.1.2, some techniques 

such as augmenting the overall thermal conductivity of the storage medium 

by fabricating composites and nano-enhanced PCMs improve the conduction 

mechanism at the cost of deteriorating the convection. On the other hand, in 

other techniques like using fins, the focus has been on optimizing the 

convective effect within constrained melting and ignoring the effects on 

conduction. The possible unfavorable effects of such melting-oriented 

optimized designs on solidification are not addressed in literature [29,30]. This 

may happen in cases where solidification could be the critical process with a 

higher demand for enhancement in power than melting. However, the designs 
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in LTES need to be conducted based on the requirements imposed by 

applications.  

 

Furthermore, in the melting-oriented optimizations of fins, the possible 

movements of the solid specimen in the presence of fins have been 

overlooked. The mode in melting depends on the solid PCM attachment to 

the surrounding surfaces. In real cases, a combination of both can happen at 

which the constrained melting mode at the early stages shifts to the 

unconstrained mode at later times, as melting occurs on all the surrounding 

surfaces due to a possible thermal diffusion in the component structure, and 

the solid PCM falls under gravity. In dealing with melting and the 

corresponding measures for enhancement, both modes need to be addressed 

and analyzed. Such a study in rectangular finned enclosures under a varying 

angle of inclination is lacking in literature.  

 

Extending the heat transfer area with fins is a rather simple and a presumably 

cheap measure, as compared to fabrication of composite [47], when there is 

a demand for improving the heat transfer on the PCM side. In some 

applications, where specifically a low thermal conductive fluid like air is used 

as the Heat Transfer Fluid (HTF), the enhancement needs to be made on 

both the PCM and the HTF sides. In this matter, incorporating mini-channels 

into LTES enclosures, as a novel idea capable of inducing a dual enhancement 

and reducing the thermal resistance on both the PCM and the HTF sides, is 

highly interesting. Mini-channels with a mini-scale hydraulic diameter of the 

internal passages and a high external area-to-volume ratio have the potential 

to enhance the heat transfer coefficient of the HTF flow considerably and to 

extend the heat transfer area in contact with the PCM significantly. 

 

The objective of this thesis is to evaluate the enhancement made by extending 

the surface area via fins in a rectangular component in a comprehensive 

approach, in terms of addressing all the possible heat transfer modes, and to 

assess the impact on the heat transfer mechanisms involved in the phase 

change. In the following, the thesis aims to investigate the feasibility of 

extending the heat transfer area by incorporating flat-shaped mini-channels 

as HTF passages into a rectangular LTES enclosure, to achieve a dual 

enhancement on the PCM side and the HTF side with a low thermal 

conductivity, such as air. The objective at this point is to assess the benefits 
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and the obstacles and possibly, to develop a compact and robust heat 

exchanger. Through these goals, the following research questions are 

addressed: 

 

1- How do fins affect solidification and melting, constrained as well as 

unconstrained, under a varying tilting angle of a cavity?  

 

2- What will be the overall enhancing effect of length, thickness and 

number of fins on the phase change power? 

 

3- How, and to what extent can flat-shaped mini-channels with high 

area-to-volume ratios enhance the performance of the LTES 

enclosures working with air as the HTF? 

1.3 Methodology and Scope 
Experimental and numerical approaches have been used to answer the 

preceding research questions. Lab-grade n-eicosane with a purity above 99% 

and commercial RT22-HC have been chosen as the PCMs. As complete data 

about the thermo-physical properties of PCMs are often missing in literature 

or exist with large discrepancies in multiple sources, material characterizations 

have been conducted, and the measured thermo-physical properties are 

compared with literature.  

 

In the following, an experimental set-up has been prepared to visualize the 

phase change process in a rectangular cavity with a varying angle of inclination 

and to measure the rate of heat transfer. A parametric study of fin details, 

including number and length of fins, has been conducted and the results are 

analyzed. For numerical analysis, ANSYS Fluent has been used as the 

simulation tool and the model is validated via the observations from the 

experimental set-up for solidification and constrained melting processes. 

With the validated model, a more detailed sensitivity analysis of fin parameters 

in a horizontally oriented enclosure, including fin thickness and a larger 

variety of number of fin than those tested experimentally, is conducted to 

answer the research questions. At the end, dimensionless groups have been 

obtained generalizing the simulated phase change data for a vertically finned 

cavity in horizontal orientation.  
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In the following, the phase change process of commercial RT22-HC 

encapsulated in a rectangular enclosure, enhanced with mini-channels as the 

passages for air, is modeled and the associated design aspects are addressed. 

Also, the simulated phase change data has been generalized with 

dimensionless groups for different boundary conditions and for a variety of 

length and number of channels. Finally, the main findings have been 

summarized and conclusions are made, paving the way forward for future 

research. The contributions to attain the stated objectives from each 

appended paper are identified in Table 1. 

 

Table 1 - Outline of the papers complying with the research questions 

Objective Papers 

1 I, II, III 

2 I, II, III 

3 IV 

 

1.4 Thesis Structure 
The thermo-physical properties of the PCMs, to be used and studied in the 

thesis, have been measured and presented in Chapter 2. Chapter 3 is dedicated 

to the observations of phase change in a rectangular enclosure. In this chapter, 

the visualization data of solidification, constrained and unconstrained melting 

processes in a rectangular enclosure with a varying angle of inclination, 

obtained via an in-house built experimental set-up, are expressed and 

discussed. A simulation model in Chapter 4 is validated and established for 

solidification and constrained melting based on the obtained data from 

Chapter 3. In the following, Chapter 4 covers the sensitivity study of fin 

parameters and the non-dimensional analysis, using the established model. In 

Chapter 5, the novel idea of incorporating flat-shaped mini-channels into a 

rectangular LTES enclosure is presented and assessed. Simulations have been 

performed and a variety of channel designs has been discussed. Finally, the 

key conclusions and the way forward are presented and discussed in Chapter 

6.  
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2 Thermo-physical Property Measurement 

Reliable knowledge of thermo-physical properties of PCMs are vital in 

modeling and designing of LTES systems and assessing their thermal 

performance. Information about thermo-physical properties of PCMs is 

often missing in literature. In some old sources, large discrepancies exist for 

the reported properties of a particular material and the information regarding 

the measurement approaches is often missing [48,49]. Such uncertainties in 

the reported values require further research to perform new measurements 

with more advanced and recently developed instruments. Establishing a 

reliable property database contributes to LTES designs with lower degrees of 

uncertainty and more proper performance assessments of such energy 

systems.  

 

Phase change enthalpy and specific heat are two properties associated with 

the storage capacity of LTESs, studied via Differential Scanning Calorimetry 

(DSC) technique and T-history method [50]. Thermal conductivity is another 

prominent property needed in simulation and design of LTES systems. 

Different techniques, including Transient Hot Wire method [51], T-history 

method [50], Transient Plane Source (TPS)[52–54], Thermal Transport 

Option (TTO) [55] and other custom-made measurement setups [56] have 

been employed in the literature to measure thermal conductivity of PCMs. 

However, large discrepancies may exist among the reported values and 

sufficient information on instrumentation and measurement procedures is 

lacking for available old data. As research continues to improve the thermal 

conductivity of storage medium in LTESs by fabricating composite PCMs, 

establishing the thermal conductivity data of pure non-enhanced PCMs as 

benchmark cases is essential. Finally, density and dynamic viscosity as other 

important properties have been usually ignored or received less attention as 

compared to the other thermal properties. Accurate knowledge of 

temperature-dependent liquid density and dynamic viscosity is crucial in a 

proper modeling and assessment of the convective flows of the molten PCM, 

playing a significant role in melting [57–59]. In the following, thermal 

properties of n-eicosane and RT22-HC, used as working PCMs in this thesis, 

have been investigated. The measurement procedures are described and the 

results are presented and discussed. This is one important introductory step 
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of this thesis, albeit not directly contributing to answering the research 

questions. 

2.1 Measurement Procedures 
In this section, measurement procedures of thermo-physical properties of the 

organic based PCMs used in this work, including liquid density, enthalpy of 

phase change and specific heat capacity, thermal conductivity and viscosity, 

are presented. 

2.1.1 Liquid Density 
Two cylindrical pycnometers with nominal volumes of 50 and 100 cm3 have 

been used to measure the density of the PCMs in the liquid phase, as shown 

in Figure 1. The lids of the pycnometers had a small hole allowing the 

expansion of liquid as a function of temperature. The weights of the 

pycnometers were measured prior to the tests. The pycnometers were filled 

with the liquid PCM and kept in the oven at a desired temperature to stabilize. 

The oven temperature was increased in step mode for density measurement 

as a function of temperature. The temperature of the oven was measured with 

several calibrated T-type thermocouples and the average temperature was 

considered as the oven temperature. At each step after stabilization time of 

30 minutes, the expanded liquid flooding over the lid was wiped out and the 

weight of the filled pycnometer was measured. The density of the liquid was 

calculated by dividing the obtained liquid mass to the volume.  

 

 

Figure 1 - Pycnometers used for liquid density measurements 

The uncertainty of the measured density is obtained by calculating the root-

sum-square (RSS) of the random and the systematic errors [60]. The 

systematic error was obtained by measuring the density of distilled water and 

calculating the deviation with the reference values. For a temperature range 
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of 20 °C to 60 °C, a maximum deviation of 0.6% was obtained. The maximum 

expanded uncertainty of the liquid density measurement was 1.2%.  

2.1.2 Enthalpy of Phase Change and Specific Heat Capacity 
Differential Scanning Calorimetry (DSC) technique has been used to measure 

the enthalpy and isobaric specific heat of the PCMs. In DSC analysis, the 

sample needs to be large enough to be a proper representative of the 

homogeneity of the testing material [61,62]. The most common type of the 

DSC instrument is the standard DSC at which the sample mass is about few 

milligrams. Another type of DSC is µDSC with a much larger capacity of 

sample mass, about over 60 times higher than that of standard DSC, better 

representing the homogeneity of the testing material, as compared to standard 

DSC. 

 

Common modes of measurement in DSC are dynamic and step modes. In 

the dynamic mode, the sample temperature is varied continuously with a 

constant rate. In the step mode, the sample temperature is changed with 

temperature steps. In this mode, the sample is maintained long enough at each 

temperature to ensure the thermal equilibrium in the sample has been 

achieved. The disadvantage in this mode is that the thermal behavior of the 

material is missed upon heating/cooling. In the dynamic mode, there is an 

advantage of tracking and observing the transient material behavior upon 

heating/cooling, particularly in materials with multi-stage phase change [63]. 

However, the constant scanning rate needs to be small enough to be able to 

approach the thermal equilibrium condition in the sample [62]. The 

appropriate scanning rate during the dynamic mode depends on the testing 

instrument, the sample material and the mass. In a standard DSC, Lazaro et 

al. [64] reported that, for a sample mass of 5 mg of n-octadecane, the scanning 

rate needs to be below 0.5 K/min to approach the isothermal condition in 

the sample and to remove the effect of the scanning rate as a testing parameter 

on the results. In µDSC, as an instrument with a significantly larger sample 

mass, the scanning rate in the dynamic mode needs to be carefully chosen. 

Due to the larger mass of the sample, the scanning rate needs to be scrutinized 

and possibly lowered down to approach the thermal equilibrium in the 

sample, eliminating its influence on the performed measurement. 
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The DSC instrument used in this study is µDSC evo7 from Setaram 

Instrumentation. The sample vessel, shown in Figure 2, is a cylindrical steel 

container with a total volume of 1 cm3. The furnace temperature is measured 

throughout a web of sensors embedded all around the sample holder. 

According to the manufacturer, the accuracy of the µDSC for alumina oxide 

powder is 1%. The accuracy of the instrument was further studied using well-

established materials, such as naphthalene and distilled water, as the reference 

materials. The enthalpy measurement of naphthalene with a mass of 4.02 mg 

and a scanning rate of 0.1 K/min showed a deviation of 2.3%, with respect 

to the literature value. Further investigation of the instrument accuracy with 

distilled water with a scanning rate ranging from 0.15 K/min to 0.025 K/min 

leaded to a minimum deviation of 0.6% in the phase change enthalpy upon 

heating, achieved at the rate of 0.12 K/min [65]. Lower and higher scanning 

rates resulted in less precision, as compared to the reference value. The 

analysis pointed to an optimum scanning rate for the distilled water 

measurements. Lower rates overestimated the phase change enthalpy, 

attributed to the noise disturbances within the measurement, and higher rates 

underestimated the results, as the equilibrium condition may not have been 

approached. The minimum deviation of 1.2% in specific heat capacity of 

distilled water within a temperature range of 5-40 °C was achieved at the 

scanning rate of 0.05 K/min [65].  

 

 

Figure 2 - Cylindrical sample vessel of µDSC evo7 

For enthalpy and specific heat measurement of the PCMs, the sample vessel 

was filled partially with molten PCM. The weight of the samples was 

measured prior to the test and after complementing the process, to ensure the 

conservation of sample mass during the cycling test. In all the enthalpy and 

specific heat experiments, the mass of n-octadecane and n-eicosane was 

maintained at 628.4 mg and in case of RT22 to 565.5 mg. The tests were first 
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performed for n-octadecane, as the reference PCM, to develop the measuring 

methodology. The tests for both enthalpy and specific heat, upon heating and 

cooling, were initiated with the scanning rate of 0.5 K/min, which has been 

recommended for the standard DSC tests [64]. Afterwards, the experiments 

continued with the scanning rates of 0.1, 0.05 and 0.025 K/min and the tests 

were repeated for n-eicosane and RT22. To measure the enthalpy of melting 

and solidification upon heating and cooling, tests were conducted within the 

temperature ranges of 10 °C to 32 °C and 10 °C to 42 °C for n-octadecane 

and n-eicosane, respectively, and 5 °C to 32 °C for RT22-HC. The onset of 

melting and offset of crystallization were designated by intersection points of 

the tangents on the heat flow profiles of phase change and the corresponding 

baselines. The latent heat of fusion and crystallization was calculated using 

the CALISTO data acquisition software.  

 

For isobaric specific heat measurements, the tests were conducted in the 

range of 10 °C to 65 °C in continuous cp mode. The tests were repeated 

several times to ensure the repeatability of the measurements. Afterwards, the 

blank tests were performed for the same temperature span upon heating and 

cooling, and later used for post-processing the results of cp measurement. The 

overall expanded uncertainty of the cp measurement was calculated based on 

the root-sum-square (RSS) method [60,66]. The maximum expanded 

uncertainty for the entire temperature range for the scanning rates of 0.1, 0.05 

and 0.025 K/min was 2.2%, 2.1% and 2.3%, respectively.  

 

2.1.3 Thermal Conductivity 
A Hot Disk Thermal Constants Analyzer (TPS-2500S) was used to measure 

the thermal conductivity of the PCMs. The working principle of the Hot Disk 

instrument is explained thoroughly by Gustafsson [67] and Gustafsson et al. 

[68]. A Hot Disk sensor (7577 with 2 mm radius) was used for testing. The 

sensor, as shown in Figure 3 (a), is a double spiral thin metal foil sandwiched 

with two thin sheets of insulating Teflon material. The sensor acts both as a 

heater to increase the sample temperature by supplying a heating pulse and as 

a resistance thermometer, measuring the transient increase of the sample 

temperature. The supplied heating power and the duration at which the power 

is supplied are two input parameters, required to be specified for 

measurement. As the power is supplied, the temperature increment of the 
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sample is correlated with the supplied power, the testing time and the thermal 

diffusivity of the testing sample. For direct calculation of the thermal 

conductivity, the volumetric heat capacity of the sample needs to be given. In 

case the volumetric capacity is unknown, the correlation can be solved 

iteratively to calculate the thermal conductivity indirectly [69]. In this thesis, 

the former and the latter post-processing procedures are referred to as known 

and unknown volumetric heat capacity methods, respectively.  

 

The instrument accuracy for thermal conductivity measurement according to 

the manufacturer is 5%. However, Warzoha and Fleischer [70] reported that 

the measurement accuracy could be improved with using the volumetric heat 

capacity values of the testing samples. Using the volumetric heat capacity of 

distilled water, the deviation for the measured values of thermal conductivity 

within a temperature range of 5-40 °C was below 0.7%, as compared to the 

NIST reported values of distilled water [71].  

 

To perform the conductivity tests for the PCMs, a special sample holder made 

of aluminum with a sample volume of 7 cm3 were built. Six holes as flow 

passages were drilled below the base of the compartment, to allow the flow 

of heat transfer fluid and to maintain a uniform temperature in the sample 

holder. Molten PCM was slowly poured into the pool of the sample holder 

and let solidify by the room temperature. In case of void formation around 

the sensor, a small amount of molten PCM was added to the solidified PCM 

to fill the pores and to ensure an intimate contact between the sensor and the 

PCM. Figure 3 (b) shows the in-house built sample holder filled by n-eicosane.  

 

To perform the measurement at a desired temperature, the sample holder was 

placed in a thermal bath, where the top surface of the sample holder remained 

above the water and ethylene glycol solution used as the HTF. The top of the 

PCM compartment was covered with aluminum foil and taped during 

measurements, to prevent exchange of air or any possible infiltration of 

droplets of the water-ethylene solution. The sample temperature was 

measured with calibrated T-type thermocouples after being stabilized. 

Maximum temperature difference of 0.4 °C between the sample and the 

thermal bath temperature was found at 70 °C. 
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The thermal conductivity tests were conducted for solid and liquid phases for 

both n-octadecane and n-eicosane in the temperature range of 10-70 °C and 

for RT22-HC in the temperature range of 10-30 °C. Varying sets of input 

parameters were used during testing, as summarized in Table 2. The input 

power ranged from 14 mW to 20 mW and the testing time, at which the power 

was supplied, was set to 2 and 3 s for each testing power. To avoid the 

convective effect during testing with the liquid field of samples, higher powers 

and longer times have been avoided [70,72]. The tests at each input parameter 

of power and time were repeated minimum three times and the waiting time 

interval between each test was set to 10 minutes to have a thermally stabilized 

condition prior to each test.  

 

To analyze the measurement data and conduct the post-processing, the 

measured specific heat capacity and the measured liquid density values were 

taken from the preceding measurements in the previous sections. The density 

values for the solid phase were obtained from Humphries Handbook [49]. 

 

 
 

( a ) ( b ) 

Figure 3 - Hot Disk measurement assembly; a) Hot Disk Sensor, b) in-house built 
sample holder assembled with sensor and filled with n-eicosane  

The maximum expanded uncertainty of the thermal conductivity 

measurement, using the volumetric heat capacity, for the entire temperature 

range in solid and liquid, respectively, was 10.5% and 11.9%. The maximum 
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expanded uncertainty without using the volumetric heat capacity was 11.9% 

and 16%, for solid and liquid phases, correspondingly. 

 

Table 2 - Testing input parameters for Hot Disk instrument 

PCM Phase Temperature (°C) Power (mW) Time (s) 

n-octadecane Solid 10, 15, 20, 25 16, 18, 20 2, 3 

Liquid 31, 35, 40, 45, 50, 60, 70 18, 20 2, 3 

n-eicosane Solid 10, 15, 20, 25, 30 14, 16, 18, 20 2, 3 

Liquid 39, 40, 45, 50, 60, 70 16, 18, 20 2, 3 

RT22-HC Solid 10, 15, 18, 19 16, 18, 20 2, 3 

Liquid 24, 25, 30 16, 18, 20 2, 3 

2.1.4 Dynamic Viscosity 
A Brookfield rotational viscometer DV-II Pro was used to perform the 

dynamic viscosity measurements. The measuring compartment of the 

instrument comprised a rotational spindle submerged in a pool of sample, as 

shown schematically in Figure 4. The sample holder was connected to a 

thermal bath and was maintained at a desired temperature through circulation 

of a solution around the sample pool. As the spindle driven by the instrument 

rotated around its axis, the viscose drag of the fluid around the spindle was 

measured, and the shear stress versus the shear rate was calculated. According 

to the manufacture, the instrument accuracy is ±1%. To verify the instrument 

performance, viscosity of distilled water was measured for the temperature 

range of 5-25 °C, having a deviation of 3% as compared to the reference 

values.  

 

The dynamic viscosity measurements were performed in the temperature 

ranges of 30-70 °C, 40-70 °C and 25-50 °C for n-octadecane, n-eicosane and 

RT22-HC, respectively. The maximum expanded uncertainty for the viscosity 

measurement, using the RSS method, was 7.6%.  
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Figure 4 - Schematic layout of the spindle and the sample holder of the Brookfield 
viscometer  

2.2 Measurement Results and Discussion 
The results for the measured properties of the specified PCMs, including 

liquid density, enthalpy of phase change upon heating and cooling, specific 

heat capacity, thermal conductivity and dynamic viscosity are presented and 

discussed in the following sections. 

2.2.1 Liquid Density  
The measured liquid density values for n-eicosane and RT22-HC are shown 

in Figure 5. Both materials show to have a decreasing trend in the liquid 

density values as temperature increases. The measured liquid density values 

of n-eicosane have a maximum deviation of 2.6% as compared to the 

American Petroleum Table values provided by Rossini [73]. The measured 

values for the commercial RT22-HC has a deviation of 8% at 50 °C with the 

data provided by the manufacturer.  

 

The temperature-dependent density values are used later to improve the post-

processing of the thermal conductivity measurements. Also, temperature-

dependent liquid density measurements makes it possible to calculate the 

thermal expansion coefficient of the liquid, playing a critical role in modelling 

of the buoyancy forces in constrained melting. The calculated thermal 

expansion coefficients based on the liquid density measurements are used 

later in the simulation models. 
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Figure 5 - Measured liquid density values; a) n-eicosane, b) RT22-HC 

2.2.2 Enthalpy of Phase Change and Specific Heat Capacity  
The obtained heat flow curves for enthalpy and specific heat capacity tests in 

dynamic mode for n-octadecane, n-eicosane and RT22-HC are shown in 

Figure 6. The initial scanning rate of 0.5 K/min gives inconsistent heat flow 

curves for n-octadecane and n-eicosane as observed, attributed to the 

considerable temperature difference between the sample and the furnace with 

such a fast scanning rate.  

 

In dynamic mode, an amount of heat is given to or taken from a sample per 

time interval by the instrument to change the sample temperature and to fulfill 

the condition set by the scanning rate. As the direct measurement of the 

sample is not possible, the measurement is conducted based on the furnace 

temperature, performed via the web of temperature sensors imbedded around 

the furnace. By approaching an isothermal condition with a low enough 

scanning rate, the furnace and the sample are at the same temperature, and 

the furnace temperature well represents that of the sample. At the rate of 0.5 

K/min, as the scanning rate is being applied, the sample temperature lags 

behind the furnace temperature, resulting in a considerable difference 

between the furnace temperature and the sample temperature and causing a 

large error. With lower scanning rates, this temperature difference decreases 

and the furnace temperature better represents that of the sample. As the 

scanning rate reduces to 0.025 K/min, as shown in Figure 6, the sample 
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moves further toward the isothermal condition. Hence, the heat flow profiles 

shift and the phase change temperature span reduces.  

 

As shown in Figure 6, the tested PCMs have single or double peak shape 

phase change profiles. This is reasoned to a transitional change in crystalline 

structure of the material upon phase change. PCMs within phase change from 

liquid to solid may experience an intermediate non-stable phase prior to 

entering the stable phase. This unstable phase is a dis-ordered crystalline 

structure, known as metastable rotator phase or weekly ordered crystalline 

phase. The dis-ordered crystalline structure lacks a long-range order relative 

to the rotational direction along the long axis of the molecule [74]. Entering 

the metastable rotator phase upon phase change depends on the relative free 

energy of the rotator phase. In case of low enough relative free energy of the 

metastable rotator phase of a material, such a phase could be experienced 

upon cooling in the crystallization process. Otherwise, the material enters a 

transient rotator phase in the form of liquid and then is followed by a quick 

change from the liquid to the ordered crystalline structure. Entering the 

transient rotator phase in the form of liquid retards the nucleation point and 

causes a hysteresis [74–76].  

 

Upon heating, as shown in the heating curves in Figure 6, n-octadecane and 

n-eicosane tend to melt directly from the stable solid phase (i.e., the so-called 

triclinic ordered phase) to the liquid phase without entering the intermediate 

phase (i.e., the so-called metastable rotator phase), resulting in single 

endothermic peaks.  

 

Upon cooling, n-octadecane tends to skip the metastable rotator phase and 

enters a transient rotator phase proceeded by a single exothermic peak. This 

delays the nucleation point, resulting in a hysteresis between melting and 

freezing [75]. In contrast to n-octadecane, n-eicosane upon crystallization 

tends to have double peaks, as it experiences a metastable rotator phase 

proceeded by an ordered crystalline structure phase. In this case, within the 

crystallization process, the first peak denotes the transition from the liquid 

phase to the weakly ordered crystalline structure and the second peak 

corresponds to the transition from the weakly ordered to the ordered 

crystalline structure. RT22 shows to have a similar behavior to n-octadecane 

upon heating and cooling, having single endothermic and exothermic peaks. 
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Figure 6 - Enthalpy and specific heat capacity results with scanning rates ranging 
within 0.025-0.5 K/min; (a-b) n-octadecane, (c-d) n-eicosane, (e-f) RT22-HC 
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By decreasing the scanning rate the phase change enthalpy profile shifts to 

left and right for melting and crystallization, respectively, and the span of 

phase change temperature reduces. The offset in melting and the onset in 

solidification could be easily extracted as the sample has a sharp change at 

these points. On the other hand, the beginning of melting and the ending of 

crystallization occur smoothly and gradually, causing a rather unclear onset 

for the former and offset for the latter. Hence, the onset of melting and the 

offset of solidification were derived and designated by intersection points of 

the tangents on the phase change profiles and the corresponding baselines. 

The enthalpies of fusion and crystallization and the phase change temperature 

ranges are summarized in Table 3.  

 

Table 3 - Phase change enthalpy values for the tested PCMs at scanning rates of 0.1-
0.025 K/min for heating and cooling 

PCM Scanning rate 

(K/min) 

∆THeating  

( °C) 

∆HHeating 

(kJ/kg) 

∆TCooling    

( °C) 

∆HCooling 

(kJ/kg) 

n-octadecane 

(C18H38) 

0.1 28.4-30.9 245.8 25.5-27.2 244.2 

0.05 28.2-30 245.2 26-27.1 245.2 

0.025 27.5-29.1 239 26-27 238.1 

n-eicosane 

(C20H42) 

0.1 36.5-39.3 253.1 33.4-36.2 241.2 

0.05 36.4-38.4 253 34.2-36.2 248.3 

0.025 36.4-37.9 251.7 34.5-36.2 250.2 

RT22-HC 0.1 20.4-24.5 162 18.8-22.8 166.1 

0.05 20.3-24 162.9 19.5-22.7 165.5 

0.025 20.4-23.7 163.8 20.1-22.8 165.3 

 

The enthalpy values upon heating for n-octadecane, as compared to the data 

from the American Petroleum Tables reported by Rossini [73], has a deviation 

of 0.9%, 0.7% and 1.9% for the scanning rates of 0.1 K/min, 0.05 K/min 

and 0.025 K/min, respectively. For n-eicosane, the deviation in the measured 

enthalpy of fusion is reduced from 1.7% to 1.6% and to 1.2%, as the scanning 

rate is reduced from 0.1 K/min to 0.05 K/min and to 0.025 K/min, 

respectively. The enthalpy results show that the efforts to approach the 

equilibrium condition by reducing the scanning rate to a significantly small 

value result in a larger deviation at the end for n-octadecane. The larger 
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deviation at the very low rate of 0.025 K/min can be attributed to the high 

level of noise during the measurement. Here, approaching the thermal 

equilibrium may have been accomplished at the cost of higher noise 

disturbances, compromising the stability of the enthalpy measurement.  

 

The high level of noise disturbances influences also the specific measurement. 

The performance with the scanning rate of 0.025 K/min was associated with 

a considerably higher noise level, while the scanning rate of 0.05 K/min gave 

more stable results. Figure 7 shows the noise disturbances of the scanning 

rates of 0.05 K/min and 0.025 K/min within the specific heat measurement 

case of n-eicosane in the solid phase. The noise disturbances originate from 

fluctuating temperature readings at the extremely low scanning rate. The 

specific heat capacity values of the tested PCMs with the scanning rate of 0.05 

K/min are summarized in Table 4.   

 

 

Figure 7 – Noise disturbances within specific heat measurements of n-eicosane in the 

solid phase with scanning rates of 0.025 K/min and 0.05 K/min  

Table 4 - specific heat capacity values with the scanning rate of 0.05 K/min 

PCM n-octadecane (C18H38) n-eicosane (C20H38) RT22-HC 

Specific heat capacity 

values (KJ/(kg·K)) 

1.89 (10 °C) 1.93 (20 °C) 4.58 (15 °C) 

2.21 (20 °C) 2.32 (30 °C) 2.39 (25 °C) 

2.35 (40 °C) 2.38 (40 °C) 2.39 (30 °C) 

2.38 (50 °C) 2.38 (50 °C) 2.39 (40 °C) 
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In this section, latent enthalpy of phase change and specific heat capacity as 

a function of temperature, measured with different scanning rates using a 

μDSC with a large testing sample, are presented. The results show that 

approaching the thermal equilibrium in the testing sample in the 

measurements, by lowering the scanning rate from 0.5 K/min down to 0.025 

K/min, is associated with a higher noise level. Such a noise causes an 

instability to the measurements, pointing to a compromise between accuracy 

and stability. At the end, the measured latent enthalpy and temperature-

dependent specific heat capacity values are used in the thermal performance 

analysis of phase change in the following chapters. 

2.2.3 Thermal Conductivity  
The measured thermal conductivities of n-octadecane, n-eicosane and RT22-

HC are presented here. The measured data have been processed with and 

without incorporating the volumetric specific heat capacity.  

 

As seen in Figure 8, in the solid zone for n-octadecane, the measured thermal 

conductivity reduces slightly with the increase in temperature. Values 

obtained using the volumetric specific heat capacity are lower than those of 

calculated iteratively without incorporating the volumetric specific heat 

capacity. This emphasizes the importance of specific heat capacity 

measurements and its effects on thermal conductivity measurements of 

PCMs.  

 

From 10 °C to 20 °C, the measured thermal conductivity of the n-octadecane 

lies between 0.30-0.32 W/(m·K), having a deviation of less than 1%, as 

compared to the obtained values via Transient Hot Wire method by Vélez et 

al. [51]. At 25 °C prior to the phase change, an increase in the thermal 

conductivity is observed, followed by a drop in the liquid phase, as seen in 

Figure 8. In the liquid region, the values lie within 0.15-0.17 W/(m·K) with a 

smooth decreasing slope as temperature increases. The presented 

measurement data of liquid n-octadecane lie above the values presented by 

Vélez et al. [51] with a maximum deviation of 11.6%. 
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Figure 8 - Measured values of thermal conductivity for n-octadecane in comparison to 
the literature data; Motahar et al. [54], Holmen et al. [77], Irby et al. [78], Yarbrough 
an Kuan [79], Griggs and Yarbrough [80], Sasaguchi and Viskanta [81], Ho and Gao 

[45], Vélez et al. [51] 

A similar trend to n-octadecane is observed for n-eicosane, as shown in Figure 

9, between the values processed with and without the volumetric heat 

capacity. The processed results with the volumetric heat capacity are 4.5-6.5% 

lower than those of processed without that. As illustrated in Figure 9, the 

thermal conductivity measurement of the solid phase is in good agreement 

with that of Stryker and Sparrow [56], with a maximum deviation of 2.2%. 

The absolute values reported by Vélez et al. [51], Nabil and Khodadadi [52] 

with TPS-500 and Kahwaji et al. [55] with Thermal Transport Option (TTO), 

for the solid zone, appear to be larger than the data obtained in the present 

work, with a deviation range of 1-17%. 

 

In the liquid range, illustrated in Figure 9, the measured values are stable 

within the measured temperature span. The results obtained in the present 

work using the two different analysis approaches are higher than Vélez et al. 

[51] but lower than Kahwaji et al. [55]. With the use of the volumetric heat 

capacity, the maximum deviation as compared to Vélez et al. [51] is about 

16%. The differences in general between the measured values and those of 

literature could be speculated to the differences in testing procedures, sample 

preparations and purity.  

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 10 20 30 40 50 60 70 80

Th
e

rm
al

 c
o

n
d

u
ct

iv
it

y 
(W

/(
m

·K
))

Temperature (°C)

Motahar et al.

Holmen et al.

Irby et al.

Yarbrough and Kuan

Griggs and Yarbrough

Sasaguchi and Viskanta

Ho and Gao

Vélez et al.

Present study
unknown volumetric heat capacity
Present study
known volumetric heat capacity



Thermo-physical Property Measurement 

 27 

 

Figure 9 - Measured values of thermal conductivity for n-eicosane in comparison to 
the literature data; Griggs and Yarbrough [80], Vélez et al. [51], Nabil and Khodadadi 

[52], Kahwaji et al. [55], Fang et al. [82], Stryker and Sparrow [56] 

Measured values for RT22 are shown in Figure 10, with and without using 

the volumetric heat capacity in the post-processing analysis. As observed, the 

results for the solid and liquid phases, post-processed with the volumetric 

heat capacity, lie between 0.14-0.15 W/(m·K) with an increase up to 0.19 

W/(m·K) around the phase change temperature range. The results obtained 

with the iterative calculation are higher than those of processed with the 

volumetric heat capacity, and specifically overestimated prior to the phase 

change span by over 100%. The processed values with the volumetric heat 

capacity show a maximum deviation of 29% outside the phase change span, 

as compared to the value of 0.2 W/(m·K) provided by the manufacturer for 

both the solid and liquid phases.  

 

Finally, thermal conductivities of the PCMs have been measured in the solid 

and liquid phases. The post-processing analysis is improved by using the 

measured density and specific heat capacity values. The obtained results with 

the improved post-processing analysis show good agreements with some of 

the data available in literature. The comparison of the measured values to the 

scattered values available in literature paves the way to establish the thermal 

conductivity for further use and mitigate the uncertainties in future 

assessment.  
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Figure 10 - Measured thermal conductivity of RT22-HC 

2.2.4 Dynamic Viscosity 
The measured dynamic viscosity values for n-octadecane, n-eicosane and 

RT22-HC, in the liquid phase up to 70 °C, are presented. For n-octadecane, 

as shown in Figure 11, the measured values of dynamic viscosity ranges from 

3.8 mPa·s at 30 °C to 1.7 mPa·s at 70 °C. The results show a good match 

with the literature data, specifically with the values reported by Rossini 

(American Petroleum Tables) [73]. The maximum deviation, as compared to 

the data reported by Rossini [73], the Yaw Handbook [83] and Delgado et al. 

[84], has been 2.9%, 4.6% and 5.6%, respectively. 

 

 

Figure 11 – Dynamic viscosity measurement of n-octadecane in comparison with 
literature data; Delgado et al. [84], Motahar et al. [54], Rossini [73], Ho and Gao[45] 
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The measured values for n-eicosane, shown in Figure 12, varies from 4.6 

mPa·s at 38 °C to 2.2 mPa·s at 70 °C with a decreasing trend as the 

temperature increases. The maximum deviation of around 6.3%, 7.4% and 

9.7% is obtained with regard to the value reported by Rossini (American 

Petroleum Tables) [73], the Yaw handbook [83] and Queimada et al. [85], 

respectively. At higher temperatures of 60°C and 70°C, the deviation 

decreases and a good agreement is observed. Dynamic viscosity of RT22-HC, 

as shown in Figure 13, reduces from 4.1 mPa·s to 2.9 mPa·s in a temperature 

range of 25-40 °C. 

 

 

Figure 12 - Dynamic viscosity measurement of n-eicosane in comparison with 
literature data; Queimada et al. [85] and Rossini [73] 

 

Figure 13 - Dynamic viscosity measurement of RT22-HC 

The measured values and their comparison to the literature data contribute in 

establishing the dynamic viscosity as a function of temperature, which is a 
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crucial property in melting simulations. The measured values are used in the 

following chapters to evaluate the conducted experiments, to simulate the 

process and validate the model, and to perform non-dimensional analyses. 
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3 Experimental Investigation of Phase 

Change in a Finned Cavity 

Conduction and natural convection are the mechanisms governing the phase 

change process of liquid-solid-liquid, for a PCM-based LTES. Natural 

convection may exist upon phase change because of the change in the density 

of liquid as a function of temperature. The presence of natural convection 

and the way it influences the phase change, particularly melting, depends on 

geometry and orientation of the storage unit. 

 

In solidification, the process is majorly controlled by conduction. Natural 

convection has an insignificant role except in case of freezing a superheated 

liquid (with liquid temperature above the onset of solidification). In such a 

case, the natural convection disappears after the early stages as the 

temperature of liquid PCM approaches the onset of freezing. In a conduction-

controlled solidification, solid front is expected to grow uniformly adjacent 

to the cooling wall. Sparrow and Broadbent [12], investigating solidification 

of an organic PCM in a vertical cylinder with an insulating layer of air on top, 

observed a steady inward growth of the solid layer in parallel to the wall, as 

shown schematically in Figure 14. With the progress of solidification, the 

liquid level at the top dropped, thanks to the lower density of solid than liquid. 

In the later stages of solidification, a frozen skin was formed atop the liquid, 

as the air temperature reduced with a higher pace than that of the liquid core. 

Continuous shrinkage of liquid level beneath the frozen skin caused 

formation of a void, and the pressure difference between the air atop the 

frozen layer and the void beneath made a concave solid front.   

 

Larson and Sparrow [86], studying solidification of an organic PCM in an 

inclined cylinder, reported no time-wise variation of solid fraction and 

extracted energy regarding the inclination angle. The influence of inclination 

was only witnessed in the local growth of the frozen layer in early stages, while 

the solid layer thickness tended to become uniform at later times. As 

mentioned in solidification with a superheated liquid, the early convective 

motions influence the freezing process and retard the onset of solidification 

[12,86,87]. The higher the degree of superheating, the more vigorously the 
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process is affected. The convective flow vanishes when the liquid field 

temperature approaches the phase change temperature. 

 

 

Figure 14 - Schematic evolution of freezing in a vertical cylinder (adapted from 

Sparrow and Broadbent [12]) 

 

In melting of an organic PCM, in addition to conduction, natural convection 

may contribute to the process and improve the rate of melting. In a vertical 

cylinder, as shown schematically in Figure 15, conduction controls the early 

stages of melting. The parallel melt front to the vertical wall in the early stages 

of melting implies the dominance of conduction over melting. The 

conduction-driven molten PCM expands within solid-liquid phase change 

and moves upward, seeking extra volume atop the solid PCM. The liquid 

motion induced by the volume change is proceeded by a convective-

controlled regime driven by the density difference within the liquid field at 

the later stages of melting. At this stage, hot liquid PCM with low density 

ascends along the vertical wall and then moves downward after being cooled 

down by the adjacent solid on top. As the liquid temperature on the top is 

higher, more melting happens on the top and an inclined melt front is created. 

The inclined melt front recedes with complete melting on the top of the 

cylinder. The convective motion predominates the conduction-driven melting 

and the motions induced by the volume change throughout the process [13].   
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Figure 15 - Schematic evolution of melting in a vertical cylinder (adapted from 
Shmueli et al. [88]) 

In a cylinder oriented horizontally, as solid PCM is constrained and does not 

fall under gravity, natural convection also plays a decisive role in a different 

melting pattern than the vertically oriented cylinder. In this configuration, as 

shown in Figure 16, after the early conduction-driven melting, two primary 

convective flows develop at each side, delivering the warm liquid along the 

cylinder wall to the top and bringing down the cold liquid adjacent to the solid 

PCM. As melting progresses inward, the presence of these primary circulation 

motions increases the melting rate in the upper section and induces a 

circumferentially non-uniform melt front. Meanwhile, secondary vortices 

emerge attributed to the thermal instability in the lower part, contributing to 

melting from below. The melting process is believed to be controlled by the 

primary vortices, as the secondary vortices are suppressed and merged with 

the primary vortices [15].  

 

 

 

Figure 16 - Schematic evolution of constrained melting in a horizontal cylinder 
(adapted from Ho and Viskanta [15]) 
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In a horizontally oriented concentric heat exchanger, where PCM is located 

in the annulus and heated by the inner cylinder, convective flows emerge 

around the cylinder after an evenly melt layer is formed around the cylinder 

at early stages. As the melt layer grows in thickness, warm liquid PCM on each 

side rises along the cylinder wall and gains heat as it reaches the stagnation 

point on the top. Then, the warm liquid moves downward as being cooled 

down by the adjacent PCM in the upper section of the annulus, accelerating 

the melting. Preceded by a rapid melting, a stratified liquid field is formed on 

top of the cylinder while the dominant heat transfer mechanism for the 

melting of PCM in the lower section of the annulus switches from natural 

convection to conduction.  

 

 

Figure 17 - Schematic evolution of melting by the inner tube in a horizontal 

concentric component (adapted from Kousha et al. [16]) 

Azad et al. [89] conducted an observational analysis on the onset of 

convection for n-octadecane and dodecanoic acid, being melted by the inner 

tube in a horizontally oriented concentric component. They observed that, 

for an inner diameter of 18 mm, a temperature driving force range (Twall-Tm) 

of 8.4-42.2 °C and a subcooling range of 2.5-22.5 °C, the molten thickness at 

the onset of convection could be within ranges of 0.8-2.1 mm and 0.8-2.5 mm 

for n-octadecane and dodecanoic acid, respectively. They concluded that the 

time for the onset decreases with an increase in the temperature driving force 

and a decrease in the subcooling, and the required amount of liquid PCM for 

the onset reduces with a reduction in the inner tube diameter and an increase 

in the temperature driving force.  

 

In melting with heating through a vertical wall, similar to a vertical cylinder, 

convection flow develops between the wall and the solid PCM after formation 

of the initial molten layer, causing an inclined melt front. As melting gets 

complete on the top, the inclined melt front starts receding downward while 
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the convection cells adjacent to the shrinking solid contributes to the melting 

process [17]. 

 

In a constrained melting by a horizontal plate from below, the warm plate 

placed below a cold solid PCM induces formation of cellular, periodic and 

three-dimensional vortices [90,91], known as Benard cells. In contrast to 

melting by a vertical plate, in which as soon as there would be a finite 

temperature difference across an extremely slender liquid gap the liquid 

circulation happens [92], there is a critical condition for emergence of 

convective structures for an enclosure heated by the bottom surface. 

According to Bejan [93], when the heating surface is sufficiently long and wide 

in horizontal orientation, the onset of convection depends on the critical 

Rayleigh number of 1708. As soon as the Rayleigh number corresponding to 

the thickness of the liquid layer exceeds the critical value, two-dimensional 

convective rolls emerge, and as the Rayleigh number continues increasing, the 

two-dimensional vortices break up into three-dimensional vortices.  

 

In a constrained melting case from bottom, the solid PCM is fixed with an 

external object, for instance thermocouples, or attached to the surrounding 

surfaces and cannot move downward. Here, the presence of such vortices 

creates a wavy irregular dome-shaped solid-liquid interface, as observed by 

Diaz and Viskanta [18] for n-octadecane via a positive casting method. Figure 

18 shows a schematic time-wise progress of melting of an organic PCM from 

below. As it is shown, by transition from the small curvatures on the solid-

liquid interface at t1 to the larger ones at t3, it is inferred that the small cellular 

vortices in the early stages of melting merge and form larger cells as melting 

progresses [18,91].  

 

In a rectangular storage unit, where PCM is heated from sides and below, the 

two abovementioned convective patterns induced by the side-walls and the 

bottom surfaces contribute to melting. Here, the two-dimensional vortices 

along the vertical sides of the enclosure suppress the cellular motions in the 

bottom [94]. As the heating wall in constrained melting is inclined, convective 

vortices emerge in different forms than those in vertical or horizontal 

orientations. In this case, the warm liquid rises vertically away from the 

inclined wall in multiple vortices along the wall, impinges on the solid PCM 

and falls down toward the inclined wall. Such vortices have regular patterns 
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of helical flow causing multiple grooves on the solid-liquid interface. This 

happens with the condition that the solid bulk would not be free to move 

downward, for instance would be attached to a non-heated surface from 

above. As the inclination angle changes away from the vertical orientation 

toward horizontal alignment, the helical flows tend to merge and form cellular 

motions, and subsequently the groove type interface switches to irregular 

dome-shaped interface [19].  

 

 

Figure 18 - Schematic evolution of constrained melting by a horizontal plate from 
below (adapted from Diaz and Viskanta [18]) 

 

In melting cases, where solid PCM with a higher density than liquid is not 

confined to the surrounding surfaces, hence falling under gravity, the 

governing mechanism of the process switches from natural convection to 

conduction. Such a melting mode, in literature, has been referred to as Close 

Contact Melting (CCM) [20] or Direct Contact Melting [21]. In this mode, the 

solid PCM, detached from the surrounding and assisted by gravity, sinks 

continuously and maintains a consistent close contact with the heating surface 

throughout the process. The falling solid squeezes the thin film of melt across 

the contact and makes the melt flow out. The thin film within the gap has a 

small resistance and causes a high melting rate. Hereby, heat is primarily 

transferred across the narrow gap between the solid and the heating surface. 

In a rectangular cavity heated from below, in contrast to the constrained 

melting in which the melt front from below has a periodic dome-shaped 

surface, the melt front in a CCM melting tends to be a planar surface, as 

reported by Moallemi et al. [20] due to the intimate contact throughout the 

process. Moallemi et al. [20] observed that the thickness of the melt-film 
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under the sinking solid was uniform spatially, indicating the dominancy of 

conduction mechanism through the contact. 

 

In a horizontally oriented cylinder, in CCM mode the solid descends 

continuously, as shown schematically in Figure 19, with circular arcs at upper 

and lower surfaces with nearly equal radii. Here, the major portion of melting 

occurs within the close contact of the lower surfaces of the solid and the wall. 

However, regular and symmetric patterns of convective flow atop the solid 

can be envisioned in which the warm liquid rises along the wall and moves 

downward at the stagnation point and subsequently along the upper solid 

surface. Such convective motions contribute to a low extent to the melting as 

compared to the contact-induced melting. Bareiss and Beer [95], in an 

experimental observation of CCM in a horizontal cylinder, estimated that up 

to 10-15% of melting is induced by the natural convection at the top melt 

front.   

 

 
Figure 19 – Schematic evolution of close-contact melting in a horizontal cylinder 

(adapted from Bareiss and Beer [95]) 

 

Sparrow and Geiger experimentally investigated melting in a horizontal tube 

[22] and compared the two modes of constrained and close-contact. In the 

CCM mode, they estimated that about 88-94% of the melting came from the 

conduction across the thin film and concluded that the melting was majorly 

governed by the conduction. They reported that the melting rate in the close-

contact mode was higher by 50-100% than that of the constrained mode. In 

a similar study, Saitoh and Kato [96] reached an estimation of 10-15% as the 

contribution of natural convection at small driving force temperatures; 

however, indicated that such a share could increase with the increase in the 

wall temperature. Betzel and Beer conducted an experiment of close-contact 

melting in a horizontal concentric tube, where both the inner and outer 

surfaces were heated. They observed that the solid specimen, constantly 

sinking, attains contact with the bottom surface of the outer tube and the top 
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surface of the inner tube, as shown schematically in Figure 20. They 

concluded that, however, natural convection vortices in the upper section of 

the shell contributed to melting in general, the major melting mechanism was 

the conduction across the close-contacts.    

 

 

Figure 20 - Schematic evolution of close-contact melting in a horizontal cylinder 
(adapted from Betzel and Beer [97]) 

In an inclined enclosure, as solid PCM is not bound to the adjacent surfaces, 

a variety of melting configurations depending on the tilting angle can happen. 

In rather small tilting angles, the unconfined solid may remain quiescent. As 

the angle increases, the solid may either slide and achieve a full contact with 

the adjacent inclined wall or pivot and attain a partial contact. Sparrow and 

Myrum [21] investigated the effect of CCM in an inclined cylinder. They 

concluded that at low inclination angles of 5-10 degree from the vertical 

orientation, the gravity component was not large enough to make the 

necessary contact happen, resulting in irregular patterns of melting. Either the 

solid remained intact or tipped around the lowermost edge, finding a partial 

contact on top. As the inclination angle exceeded 15 degrees, the gravity 

component became large enough to induce a full contact and a subsequent 

continuous sliding mode, resulting in a consistent melting pattern. As an 

example for a cylinder tilted by 25 degree from the vertical position, as 

schematically shown in Figure 21, the solid initially tends to melt at the 

lowermost part adjacent to the inclined wall which makes the solid pivot and 

achieve partial contact with the wall on top. The partial contact on top induces 

a greater melting and intensifies the pivoting motion. In the next stage, the 

confined superheated liquid in between the tipped solid PCM and the wall 

flows under the tipped lowermost part and acts as lubricant, resulting in 

sliding of solid. While the solid slides toward the inclined wall it maintains the 

full contact throughout the process. It was reported that tilting away the 

cylinder up to 15 degree from vertical alignment accelerated the melting 

process, but beyond 15 degree it had no effect on the melting rate. The 
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highest level of enhancement achieved by the inclined close-contact melting 

was about a factor of two, as compared to the convection-driven melting in 

the vertical alignment.   

 

 

Figure 21 - Schematic evolution of close-contact melting in an inclined cylinder 
(adapted from Sparrow and Myrum [21]) 

From the above introduction, it is evident that a number of studies have 

considered separate heat transfer issues. However, a comprehensive phase 

change study, considering them all in combined, has not been performed. 

Only through a comprehensive approach can the full impact of heat transfer 

mechanisms in relation to heat transfer enhancement be fully comprehended. 

Therefore, the phase change process of a pure organic PCM, n-eicosane, has 

been observed and studied in a rectangular cavity with and without fins. 

Observations have been conducted in solidification and melting, including 

constrained and unconstrained melting, under a ranging inclination angle and 

varying boundary conditions. The influence of fins has been studied and their 

enhancement effects have been investigated, considering key indicators of 

phase change time, power and energy. The results are expressed in details and 

discussed further in the following. 

3.1 Experimental Apparatus  
An experimental set-up, comprising two constant temperature thermal baths, 

a magnetic flow meter, a magnetic gear pump and a test module, was built, as 

shown schematically in Figure 22 (a), to perform the experiments of phase 

change. The thermal baths were used to supply water as the Heat Transfer 

Fluid (HTF) at a desired temperature, either to perform the phase change 

experiment or to maintain the test module at a certain temperature prior to 

the experiment. A test bed made of insulation material was prepared to 

encapsulate the cavity, as shown in Figure 22 (b). The test bed was located on 
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a rotational aluminum plate, with an adjustable inclination angle ranging from 

0° (horizontal orientation) to 90° (vertical orientation). The inclination angle 

of the test bed was measured with a Mitutoyo angle meter with a precision of 

0.1°. 

 

The cavity with the assembly elements is shown in Figure 23. The cavity was 

manufactured of aluminum (T6061), using CNC machining, with external and 

internal dimensions of 140·100·110 mm3 and 126·60·100 mm3, respectively. 

Six holes of 8 mm diameter were drilled at the bottom, enabling the flow of 

the HTF through the base of the cavity from left to right. The cavity at the 

inlet and outlet were connected to the HTF hoses via two manifolds made of 

polyamide, manufactured via 3D printing. The manifolds were attached to 

the cavity with screws and sealed with O-rings and silicon glue. To visualize 

the phase change process, the front and back surfaces of the cavity were made 

of transparent plexiglass with 5 mm of thickness. The plexiglass elements 

were connected to the cavity with screws and sealed with O-rings. 

 

 
( a ) 

 
( b) 

Figure 22 - Experimental set-up for phase-change observations; a) schematic system 
layout, b) inclined test bed 

Two extra elements of plexiglass with 25 mm of thickness were attached to 

the thinner ones, to reduce the heat loss from the cavity to the ambient. A 1-

2 mm layer of air existed in between the plexiglass elements, reducing further 

the heat loss. The dimensions of the cavity and the other forming elements 

are shown in Figure 24. In this thesis, the bottom surface and the top surface 

in the horizontal orientation (θ=0°) are referred to as the base and the 

opposite wall, respectively. The wall on the inlet side on the left is denoted as 

the left side-wall throughout the thesis and the wall on the outlet side on the 

right is designated as the right side-wall.  
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Figure 23 - Rectangular cavity with the assembly elements 

 

Figure 24 - Front and side cross-sectional view of the cavity with forming elements 

and position of T-type thermocouples (dimensions are in centimeter) 

The base of the cavity with a thickness of 3 mm was designed to be a portable 

element. In the case of finned cavities, the bases were manufactured with 

equally spaced fins using a CNC machining process. The bases were fastened 

to the cavity with screws from the bottom. A high conductive thermal 

compound with thermal conductivity of 5.15 W/(m·K) was used between the 

base and the cavity to ensure an intimate contact between the surfaces. 

Configurations of three and five evenly spaced fins with 2 mm thickness and 

lengths of 30 mm and 45 mm were tested. The cavity, oriented horizontally, 

was filled with research grade n-eicosane (with purity above 99%) in the liquid 

form at 60 °C. In all the testing configurations, with and without fins, a 
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volume equal to 16% of the reference cavity volume was allocated to air, 

enabling the expansion and contraction of the PCM within melting and 

solidification. The schematic layouts of fin configurations are shown in Figure 

25 and the details, including the corresponding PCM mass in each case, are 

summarized in Table 5. 

 

 

Figure 25 - Schematic layout of fins configuration (dimensions are in millimeter) 

Table 5 - Details of the investigated fin configurations 

Testing 

configurations 

Number of fins 

(Nf) 

Dimensionless 

length(L*=lf/H*) 
PCM mass (g) 

No fin (reference case) - - 496 

3-fin/L*=0.75 3 0.75 473 

5-fin/L*=0.5 5 0.5 468 

5-fin/L*=0.75 5 0.75 454 

 

To conduct the experiments of non-confined melting, two heater foils from 

Conflux AB were placed between the plexiglass elements on each side of the 

cavity prior to the start of the melting experiment. The heaters were specially 

designed to self-regulate the surface temperature as a function of the supplied 

voltage. The supplied voltage to the heaters was set to 29 V in all the testing 

configurations for non-constrained melting. The heaters acted in a way to 

increase the temperature of the external side of the thin plexiglass elements 

quickly and to maintain them at a certain temperature above the melting 

temperature. Figure 26 shows the transient evolution of temperature between 

the thin plexiglass and the heater on the backside of the cavity for a melting 

case with Tin=60°C. The temperature measurement was carried out via two 

T-type thermocouples, placed within the gap between the thin and thick 

plexiglass layers on the back side. As observed, the temperature stabilizes 

around 51 °C, due to the self-regulating-temperature characteristic of the 

constant temperature heater. When the supply is stopped, the temperature 
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decreases sharply and increases again as the melting in the cavity continues. 

In preparing the detachment condition, the power supply to the heaters 

continued for 2-3 minutes after the detachment of the solid specimen, to 

induce enough melt layer between the plexiglass element and the solid 

specimen. This prevented the freezing of the PCM by the plexiglass element 

as the surface temperature dropped quickly. Then, the power supply to the 

heaters was cut and the front heater was removed to enable the visualization 

of the process and the enclosure was sealed. The process of removing the 

front heater and sealing the gap lasted for 1-2 seconds. The power supply of 

the self-regulating heaters reduced from 12W in the beginning to about 6W 

at the end prior to the removal.  

 

 

Figure 26 - Transient evolution of measured temperature between the thin plexiglass 

element and the heater on the backside of the cavity for the 3-fin/L*=0.75 case with 

Tin=6 0 °C 

Temperatures of the encapsulated PCM and the cavity were measured using 

T-type thermocouples. 18 thermocouples (T1-T18) were inserted from the 

top surface (in horizontal orientation) into the PCM field. The positions of 

thermocouples are shown in Figure 24 for the reference case. The base 

temperature was measured via four thermocouples (T19-T22) inserted from 

the bottom of the cavity. Two more thermocouples (T23-T24) were used to 

sense the temperature of the side-walls, as illustrated schematically in Figure 

24. To have an estimation of the heat loss from the front plexiglass element, 

two thermocouples were used to measure its surface temperature. The 

thermocouples were calibrated using a Fluke RTD to an accuracy of 0.1 °C 

in a temperature range of 10-60 °C. Two Resistance Temperature Detectors 
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(RTD) with measurement accuracy of 1/10 DIN were used to measure the 

HTF temperature at the inlet and outlet of the respective manifolds. The flow 

rate of the HTF was measured via a Yokogawa magnetic flow meter 

(AXF015G) with a nominal measurement accuracy of 0.35% of the reading.  

3.2 Testing Procedures and Data Reduction 
The experiments were conducted with a fixed HTF flow rate of 1 liter/min. 

The HTF inlet temperature for solidification tests of horizontally oriented 

cavities was set to 10 °C, 15 °C, 20 °C and 25 °C with initial temperatures of 

40 °C, 50 °C and 60 °C per HTF inlet temperature. For constrained melting, 

experiments were conducted mainly for the horizontal orientation with the 

HTF inlet temperature set to 50 °C, 55 °C and 60 °C while the cavity initially 

maintained at 15 °C, 25 °C, 30 °C and 34 °C per HTF inlet temperature. In 

unconstrained melting (CCM), experiments at the horizontal orientation were 

performed with inlet temperatures of 50 °C, 55 °C and 60 °C with the initial 

condition set to 34 °C. The experiments with varying angle of inclination were 

conducted only with HTF inlet temperatures of 15 °C and 60 °C for 

solidification and melting, respectively. The experiments at each condition 

were repeated several times, and the results were compared to confirm the 

repeatability of the experimental data.  

 

The phase change process was visualized and images were taken at fixed time 

interval of 1 minute for solidification and melting tests. ImageJ software was 

used to process the taken images and to calculate the transient solid and melt 

fraction data based on the solid area using equations 1-2.  

 

𝜆(𝑡)𝑠 = 
𝐴𝑠(𝑡)

𝐴𝑠,𝑡𝑜𝑡𝑎𝑙
 Eq. 1 

𝜆(𝑡)𝑚 = 
𝐴𝑠,𝑡𝑜𝑡𝑎𝑙 − 𝐴𝑠(𝑡)

𝐴𝑠,𝑡𝑜𝑡𝑎𝑙
 Eq. 2 

 

Here, As(t) is the solid area as a function of time and As,total is the solid area at 

the end of solidification or the beginning of melting, representing the total 

PCM area in the solid phase. Dimensionless quantities used to obtain 

dimensionless groups generalizing the phase change data are Fourier, Stefan 

and Rayleigh numbers [12,86,98] specified by equations 3-5.  
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𝐹𝑜 =  
𝛼𝑡

𝑙𝑐
2 

AEq. 3 

𝑆𝑡𝑒 (𝑡) =  
𝑐𝑝𝑠/𝑚𝑎𝑏𝑠(𝑇𝑏(𝑡)− 𝑇𝑠/𝑚)

𝐿
 Eq. 4 

𝑅𝑎(𝑡) = 
𝑔𝛽(𝑇𝑏(𝑡) − 𝑇𝑚)𝑙𝑐

3

𝜈𝛼
 Eq. 5 

 

In the equations above, t is the time, lc is the characteristic length, α is the 

thermal diffusivity, cp is the specific heat capacity of PCM, ν is the kinematic 

viscosity, Tb is the transient base temperature and Ts/m is the onset of phase 

change (solidification or melting). The total rate of heat transfer, accounting 

for the total extracted/stored energy in time, is calculated using equation 6: 

 

�̇�𝑡𝑜𝑡𝑎𝑙(𝑡) =  �̇�𝐻𝑇𝐹[𝑐𝑝𝐻𝑇𝐹 𝑖𝑛𝑇𝐻𝑇𝐹 𝑖𝑛 − 𝑐𝑝𝐻𝑇𝐹,𝑜𝑢𝑡𝑇𝐻𝑇𝐹,𝑜𝑢𝑡] AA Eq. 6 

 

where ṁ is the mass flow rate of the HTF, cp is the specific heat of the HTF 

and T is the HTF temperature at the inlet and outlet. The net total power is 

calculated by extracting the estimated heat loss by the front plexiglass surface, 

as expressed in equation 7: 

 

�̇�𝑛𝑒𝑡(𝑡) =  𝑄𝑡𝑜𝑡𝑎𝑙(𝑡) − ℎ𝑎𝑖𝑟(𝑡)𝐴𝑠[𝑇𝑠(𝑡) − 𝑇𝑎𝑚𝑏] A Eq. 7 

 

where �̇�𝑛𝑒𝑡 is the transient net total power, hair is the convective heat transfer 

coefficient of the ambient air adjacent to the vertical front surface of the 

plexiglass, As is the area of the front surface, Ts is the surface temperature of 

the external side of the front plexiglass measured via thermocouples and Tamb 

is the measured ambient temperature. The convective heat transfer coefficient 

of air by the front surface is calculated via a correlation obtained by Churchill 

and Chu [99] for laminar free convection flow by a vertical plate, as specified 

in equation 8:  
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ℎ𝑎𝑖𝑟 = 
𝑘𝑎𝑖𝑟
𝑙𝑐

[0.68 +
0.67𝑅𝑎𝑎𝑖𝑟

1/4

[1 + (0.492/𝑃𝑟𝑎𝑖𝑟)
9/16]4/9

] Eq. 8 

 

where Raair is the Rayleigh number of the adjacent convective air flow to the 

front surface, Prair is the corresponding Prandtl number, kair is the thermal 

conductivity of air and lc is the characteristic length. The characteristic length 

is the length weighted average height of the front plexiglass surface. The 

calculated heat loss in the melting cases had a steadily increasing trend, 

reaching maximum at the end of the process. The largest heat loss 

corresponds to the very late stages of constrained melting in the reference 

cavity with the longest melting time, with an absolute value below 1 W (about 

5% of the total rate of heat transfer in the corresponding case).  

 

In the comparative analysis, the net rates of heat transfer for different testing 

configurations are compared to each other as functions of the corresponding 

relative accumulated stored/extracted energy of each case. A similar approach 

is used by Lazaro et al. [100] for a comparative analysis. The relative 

accumulated stored/extracted energy is defined by equation 9, as ratio of the 

accumulated extracted/absorbed energy at each time interval to the total 

accumulated extracted/absorbed energy within the entire process.  

 

𝐸𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒(𝑡) =
∑ 𝐸𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑(𝑡)
𝑡
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

∑ 𝐸𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑
𝑓𝑖𝑛𝑎𝑙
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

 
AA Eq. 9 

 

The mean PCM power for the entire solidification and constrained melting 

processes, accounting for both latent and sensible energy using the measured 

PCM temperatures, is calculated with equations 10-11.  

 

�̇�𝑚𝑒𝑎𝑛𝑠 = 
𝑚𝑝𝑐𝑚[𝑐𝑝𝑚

(𝑇 0 − 𝑇𝑠 ) + 𝐿 + 𝑐𝑝𝑠(𝑇 𝑠 − 𝑇𝑎𝑣𝑔−𝑝𝑐𝑚−𝑓𝑖𝑛𝑎𝑙 )]

𝑡𝑠
 AA Eq. 10 

�̇�𝑚𝑒𝑎𝑛𝑚 = 
𝑚𝑝𝑐𝑚[𝑐𝑝𝑠

(𝑇𝑚 − 𝑇 0) + 𝐿 + 𝑐𝑝𝑚(𝑇𝑎𝑣𝑔−𝑝𝑐𝑚−𝑓𝑖𝑛𝑎𝑙 − 𝑇 𝑚)]

𝑡𝑚
 AA Eq. 11 

 

Where m is the mass of PCM, cp is the specific heat of solid or liquid, T₀ and 

Tavg-pcm-final are the initial averaged PCM temperature and the averaged PCM 

temperature at the end of the phase change, respectively, Ts is the onset of 
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solidification and Tm is the onset of melting, and t is the complete 

solidification/melting time.  

3.2.1 Uncertainty Analysis 
The uncertainty associated with measurements consists of two major category 

of random (type A) and systematic (type B) errors. The type A uncertainty is 

obtained through a standard deviation of a sufficiently large amount of 

measured data (n>10), as written in equation 12: 

 

𝜎�̅� =
𝜎𝑥

√𝑛
= √

1

𝑛(𝑛 − 1)
∑(𝑥𝑖 − �̅�)

2

𝑛

𝑖=1

 A Eq. 12 

 

Where 𝜎�̅� is the standard deviation, n is the number of measurement and is 

the sample average value obtained via equation 13.  

 

�̅� =
1

𝑛
∑𝑥𝑖

𝑛

𝑖=1

 AA Eq. 13 

 

The type B uncertainty (𝜔𝑥) can’t be calculated statistically but needs to be 

obtained based on experience, calibration procedures and error data specified 

by manufacturers. The combination of random and systematic uncertainty is 

obtained using root-sum-square of the standard deviation as specified in 

equation 14 with a confidence level of 68%. 

 

𝑢�̅� = √𝜎�̅�
2 + 𝜔�̅�

2 AA Eq. 14 

 

To achieve a higher level of confidence, the obtained uncertainty is multiplied 

by a coverage factor (𝜁), as expressed in equation 15. With 𝜁=1.96, a 

confidence level of 95% can be obtained [101]. 

 

𝑈�̅� = 𝜁 ∙ 𝑢�̅� AA Eq. 15 



Heat transfer enhancement of latent thermal energy storage in rectangular 

components  

48  

The uncertainty for an output quantity, which is a function of multiple 

variables, z=f(�̅�1, … , �̅�𝑖, … , �̅�𝑚), cannot be calculated directly. In this case, the 

propagation of uncertainty could be calculated using the method of sequential 

perturbations, described by Moffat [66], as expressed by the following 

equation: 

 

𝑢�̅� = √∑(
𝜕𝑓

𝜕𝑥�̅�
)2𝑢𝑥𝑖̅̅ ̅

2

𝑛

𝑖=1

 AA Eq. 16 

 

EES software has been used for calculation of propagation of uncertainty as 

expressed in equation 16. 

3.2.2 Uncertainty of Measured Parameters 
The T-type thermocouples with a nominal accuracy of 0.5 °C have been 

calibrated using a thermal bath filled with water and an RTD with an accuracy 

of 0.05 °C. The thermocouples were tied to the body of the RTD and placed 

in the thermal bath, providing the desired temperature. The calibration 

temperature ranged from 10 °C to 60 °C with a temperature interval of 5 °C. 

The thermocouples were connected to the data acquisition system (Keysight 

34980A) and for each thermocouples over 80 readings were obtained at each 

temperature interval. Based on the obtained readings, a linear curve fit for 

each thermocouple is obtained determining the calibration equation as a 

function of temperature. The correlations were applied to the readings and 

the calibrated temperature values were verified by comparing them to the 

reference values. A good agreement was found and the temperatures were 

measured within 0.047 °C as compared to the reference. This calibration 

method of thermocouples has been previously practiced by Steinke et al. 

[102]. Hence, the uncertainty of the temperature reading by thermocouples 

can be calculated using the RSS of the above uncertainties, as expressed in 

equation 17. 

𝑢𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑜𝑢𝑝𝑙𝑒 = ±√0.052 + 0.0472 = ± 0.069  °C A  Eq. 17 

 

The expanded uncertainty of the thermocouple readings would be ±0.135 °C. 

The uncertainty in the four-wire RTDs used for temperature measurement 



Experimental Investigation of Phase Change in a Finned Cavity 

 49 

with a nominal accuracy of 1/10 DIN is 0.04 °C. Also, the data acquisition 

system has a maximum error of 0.06 °C in the readings, which includes the 

measurement error, switching error, and transducer conversion error. Using 

the RSS of the mentioned uncertainties, the total uncertainty in the RTD 

readings could be obtained as specified below. 

 

𝑢𝑅𝑇𝐷 = ±√0.04
2 + 0.062 = ± 0.072  °C AA Eq. 18 

 

The expanded uncertainty of the RTD readings would be ±0.14 °C. The 

magnetic flow meter (AXF-15G by Yokogawa) used for the flow rate 

measurement has a nominal accuracy of 0.35% of the readings. The 

measurement readings by the data acquisition system, according to the 

manufacturer, at 100 mA range signal has an accuracy of ±0.05% of the 

readings ±0.005% of the range. The conversion error from current (mA) to 

flow rate is maximum ±0.04%. The uncertainty associated with the flow 

measurement by the magnetic flow meter is calculated as below, by equation 

19. 

 

𝑢𝑓𝑙𝑜𝑤𝑚𝑒𝑡𝑒𝑟 = ±√(
0.35

100
)2 + (

0.05

100
)2 + (

0.01

100
)2+(

0.04

100
)2 = ±0.36% A Eq. 19 

 

The expanded uncertainty of the flow rate readings would be ±0.71%. The 

thermo-physical property of the HTF is obtained via curve fit correlations 

and the uncertainty regarding the curve fit has been less than ±1 %. 

 

3.2.3 Uncertainty of Derived Parameters 
The uncertainty of the transient solid/liquid fraction during phase change is 

calculated, through propagation of uncertainties as described in section 3.2.1, 

with equation 20.  

 

𝑢𝜆 = √(
𝜕𝜆

𝜕𝐴𝑡𝑜𝑡𝑎𝑙
𝑢𝐴𝑡𝑜𝑡)

2 + (
𝜕𝜆

𝜕𝐴(𝑡)
𝑢𝐴(𝑡))

2 AA Eq. 20 
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The absolute uncertainty of the calculated solid/melt fraction could be up to 

±0.04. The uncertainty of the transient total thermal power is derived using 

equation 21.  

 

𝑢�̇�𝑡𝑜𝑡𝑎𝑙 = ±√(
𝜕�̇�

𝜕𝜌𝑖𝑛
𝑢𝜌𝑖𝑛)

2 + (
𝜕�̇�

𝜕𝑄
𝑢𝑄)2 + (

𝜕�̇�

𝜕𝑐𝑝𝑖𝑛
𝑢𝑐𝑝𝑖𝑛

)2 + (
𝜕�̇�

𝜕𝑇𝑖𝑛
𝑢𝑇𝑖𝑛)

2+(
𝜕�̇�

𝜕𝑐𝑝𝑜𝑢𝑡
𝑢𝑐𝑝𝑜𝑢𝑡

)2 + (
𝜕�̇�

𝜕𝑇𝑜𝑢𝑡
𝑢𝑇𝑜𝑢𝑡)

2 Eq. 21 

 

The uncertainty analysis for power yields in maximum absolute error value of 

±7.2 W. This gives a ranging relative error of 2 % in the beginning to very 

high uncertainties of over 100% at the end of the phase change experiment 

for solidification in the no-fin cavity, due to the small temperature difference 

of the HTF at the end and the very low phase change power. The uncertainty 

of mean PCM power is derived using equation 22. 

 

𝑢�̇�𝑝𝑐𝑚𝑚𝑒𝑎𝑛 = ±√(
𝜕�̇�

𝜕𝑚
𝑢𝑚)

2 + (
𝜕�̇�

𝜕𝐿
𝑢𝐿)

2 + (
𝜕�̇�

𝜕𝑐𝑝𝑠
𝑢𝑐𝑝𝑠

)2+(
𝜕�̇�

𝜕𝑐𝑝𝑚
𝑢𝑐𝑝𝑚

)2 + (
𝜕�̇�

𝜕𝑇𝑓𝑖𝑛𝑎𝑙
𝑢𝑇𝑓𝑖𝑎𝑛𝑙)

2 + (
𝜕�̇�

𝜕𝑇0
𝑢𝑇0)

2 + (
𝜕�̇�

𝜕𝑡
𝑢𝑡)

2 AAEq. 22 

 

The uncertainty analysis for mean PCM power yields in maximum uncertainty 

of ±3.5%. 

3.3 Results and Discussion 
In this section, the visualized solidification and melting patterns, constrained 

as well as unconstrained, are presented for different angles of inclination. In 

the following, the net total rate of heat transfer for the tested cases are 

expressed and analyzed.  

3.3.1 Solidification Patterns 
Conduction is the dominant heat transfer mechanism in solidification, 

specifically in cases with low degree of superheated liquid PCM. In cases with 

superheated liquid PCM, the liquid circulations vanish after a short period as 

the temperature of the liquid field approaches the phase change temperature. 

The temperature evolution of the symmetric half of the PCM field in the no-

fin cavity in horizontal orientation, measured with thermocouples, is shown 

in Figure 27 for a case with an initial PCM temperature of 60 °C (superheat 

degree of 23.8 °C). As observed, the rapid reduction of temperatures show 

that after an early period of flow circulation, the liquid field approaches the 
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onset of solidification. Henceforward, as conduction is the dominant heat 

transfer mechanism, the thermocouples adjacent to the base (T1-T3) and the 

left side-wall (T6 and T9) experiences a faster freezing process. The 

stabilization of thermocouples in the middle (T4-T5, T7-8) at the onset of 

freezing clearly shows that the driving temperature difference for convective 

motions has disappeared and there is a quiescent liquid core in the cavity until 

the end of the process. 

 

 

 
No-fin cavity in horizontal 

orientation 

Figure 27 - Temperature evolution of the PCM field within solidification for the no-

fin cavity in horizontal orientation (Tin= 60 °C and T₀= 15 °C)  

The disappearance of the temperature difference in the liquid core occurs in 

the solidification process regardless of variations in the inclination angle. 

Hence, the early buoyancy-driven flow at the early stages has an insignificant 

influence in different orientations. However, changing the orientation varies 

the contact area of the PCM and the cavity walls in the presence of air, thus 

affecting the conduction-driven freezing. As the cavity orientation changes 

from horizontal to vertical, the contact area increases by 19% and a more 

rapid freezing process is expected.  

 

Figure 28 shows the transient evolution of freezing for the unfinned cavity 

with a varying angle of inclination from 0° to 90°. In the cavity, the solid front 

tends to initiate from the base and soon after from the other surfaces in 

contact with PCM, as a result of thermal diffusion in the structure of the 

aluminum made cavity. The non-uniform solid thickness on the side walls and 

on the wall opposite to the base implies presence of temperature differences 
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within the walls of the cavity. As time passes, the sloped solid front on the 

walls fade away. This is attributed to the fact that the thinner portions of solid 

have less thermal resistant, as compared to thicker ones, and grow faster. At 

later stages, the freezing progresses evenly inward until the remaining liquid 

PCM at the core of the cavity solidifies.  

    

 

Figure 28 - Visualization of solidification in the no-fin case with a varying angle of 

inclination; Tin= 15 °C and T₀= 60 °C (dimensions are in cm) 

Since density of solid is higher than that of liquid, the PCM contracts 

consistently during solidification and occupies a lower volume. This causes 

the level of the remaining liquid PCM to drop continuously. As time passes, 

PCM adjacent to the air on top tends to solidify and to form a thin skin of 



Experimental Investigation of Phase Change in a Finned Cavity 

 53 

frozen PCM. The ongoing shrinkage of the solidifying liquid PCM under the 

skin creates a pressure difference between the air and the liquid field. The low 

pressure field of the freezing liquid PCM results in a concave surface adjacent 

to the air, as observed by Sparrow and Broadbent [12]. The continuously 

dropping level of liquid and the consequently induced concave surface lead 

to formation of a void at the end of the solidification process. Furthermore, 

with the consistent shrinkage of the solid PCM, the solid PCM adjacent to 

the walls detaches from the wall. Thin air gaps as a result form between the 

solid specimen and the walls of the cavity. As observed in Figure 28, the 

frozen skin formation and the progress of freezing inward from the air side 

is more pronounced for the cavity with the inclination angle of 0°, credited 

to the larger area of contact between the air and the PCM in this case. On 

other hand, as the PCM height is rather short in this case and the liquid drops 

to a lower extent as compared to the other cases, a relatively shallow void with 

a concave surface is formed, eventually. In other cases, and in particular in 

the case of cavity with the inclination angle of 90°, a deeper void is formed.  

 

Figure 29 shows the temperature difference in the left side-wall and the solid 

fraction for the no-fin cavity with a varying angle as functions of time. As 

observed, the case at θ=0° has a relatively lower temperature difference in the 

left wall than in the other cases and a longer freezing time by 29%.  

 

  

  

Figure 29 - Solidification in the no-fin cavity with a varying inclination angle at Tin= 

15 °C and T₀= 60 °C; a) temperature difference in the left side-wall, b) solid fraction 
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The solid fraction data shows that although the time-wise solidification 

progress may locally be different for the cases with θ=30°, θ=60° and θ=90°, 

the overall solidification rates for these cases are similar and independent of 

inclination. The longer freezing time in the horizontal orientation is majorly 

attributed to the larger contact area with air and the smaller contact area of 

the encapsulated PCM with the cooling walls. 

 

With the incorporation of fins into the cavity, the difference in the heat 

transfer surface area reduces significantly in different orientations, due to the 

added surface area by the fins. However, the top fin remains partially in 

contact with air in the inclined orientations, and in the vertical orientation, 

the upper surface of the top fin is in contact with the air entirely. In total, the 

contact area of the PCM and the cavity walls, including the extended area by 

fins for the 5-fin/L*=0.75 case, changes insignificantly by less than 1% from 

horizontal to vertical orientation. Such a small difference lead to a rather 

uniform overall rate of solidification as the inclination angle varies.  

 

Figure 30 shows the transient evolution of freezing for the finned cavity with 

a varying angle of inclination from θ=0° to θ=90°. As observed, the solid front 

develops inward away from the fin surfaces and the cavity walls with non-

even thickness of the solid layers in the early stages, implying a presence of 

temperature difference within the structure of the fins and the side-walls. As 

time progresses, the non-uniformity of the solid layer thickness along the fin 

surfaces tends to diminish. The non-uniformity of the solid layer thickness at 

the late stages of the process indicates that the temperature differences within 

the fin structure exist throughout the entire freezing process, although they 

do decrease with time passing. During the process, because of the density 

difference of the solid and liquid phases, the liquid level drops consistently.  

 

Depending on the inclination angle, several portions of liquid are formed with 

the continuously dropping liquid level. In the case of horizontally oriented 

cavity (θ=0°), separate portions are surrounded by the cavity walls and fin 

surfaces. The dropping of the liquid occurs in these isolated pools of liquid. 

With an increase in the inclination angle, as time passes and the liquid level 

drops, the liquid field is divided into several portions of different size. The 

divided liquid portions are surrounded with the solid fronts growing in 

thickness. In the vertical orientation (θ=90°), due to the higher extent of liquid 
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level dropping during the process as compared to the other cases, a 

considerable void is formed on the top, particularly between the upper fins.  

 

 

Figure 30 - Visualization of solidification in the 5-fin/L*=0.75 case with a varying 

angle of inclination; Tin= 15 °C and T₀= 60 °C (dimensions are in cm)  

Figure 31 shows the temperature difference in the left side-wall and the solid 

fraction for the long finned cavity (5-fin/L*=0.75) for a varying inclination 

angle as functions of the corresponding freezing time. As seen, similar to the 

no-fin case at θ=0°, a relatively lower temperature difference exists in the left 

side-wall in this orientation than the other orientations. The solid fraction 

data shows that, despite the different local progress of solidification, the 

overall solidification rate is independent of inclination.  
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Figure 31 - Solidification in the 5-fin/L*=0.75 case with a varying inclination angle at 

Tin= 15 °C and T₀= 60 °C; a) temperature difference in the left wall, b) solid fraction 

In contrast to varying the tilting angle, extending the heat transfer area has 

been significantly influential in improving the solidification process. Adding 

fins contributes considerably to the evolution of the solid front and to the 

shortening of the freezing time. As observed in Figure 32, the thickness of 

the solid front formed on the vertical fins decreases sharply toward the tip of 

the fin. Since the employed fins are thinner than the cavity walls, the non-

uniformity of the solid layer thickness along the fins is higher than that along 

the side-walls, implying of a larger temperature difference in the fins. As time 

passes, the temperature of the fin tip approaches the base temperature and 

the inclination of the solid layer diminishes.  

 

The positive effect of increasing the number of fins is seen in the cases with 

five fins, as compared to the one with three fins. The PCM between the fins 

for the latter needs longer time to solidify due to the thicker solid layer and 

the larger thermal resistance. In the case of 5-fin/L*=0.5 with short fins, the 

solidification between the fins progresses as rapidly as the case of 5-

fin/L*=0.75 with long fins. However, with the growth of the solid front 

beyond the short fins, the process slows down considerably. Here, similar to 

the reference case, the frozen layer atop the remaining liquid PCM emerges, 

forming the shallow concave void, eventually. In cases with long fins because 
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of the early freezing process atop the tip of fins, the liquid level drops below 

the tip rather rapidly. Eventually, deeper voids form between the fins, as 

compared to the reference case. 
 

 

Figure 32 - Visualization of solidification; θ=0°, Tin= 20 °C and T₀= 40 °C 

The solid fraction as a function of time during solidification for all the bare 

and the finned cavities for the HTF inlet temperature of 20 °C are shown in 

Figure 33 (a). The case with no fin has the longest solidification time of about 

250 minutes. The total solidification time with fin incorporation is reduced 

significantly by 67%, 68% and 80% for the 3-fin/L*=0.75, 5-fin/L*=0.5 and 

5-fin/L*=0.75 cases, respectively, as compared to the reference case. The case 

5-fin/L*=0.5 has the same freezing rate as 5-fin/L*=0.75 while deviating at 

the late stages of the process, as the solid front progresses beyond the fins 

and the process slows down considerably.  

 

For non-dimensional generalizations of the phase change results, the 

integrated base temperature, as the driving temperature force, is used in 

calculation of the non-dimensional parameters. Since the solidification 

experiments have been conducted with a rather low flow rate of 1 liter/min, 

the integrated base temperature varies considerably throughout the phase 
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change process, and specifically in the finned cases it does not reach a stable 

temperature. Figure 33 (b) shows the inlet temperature (Tin) and the integrated 

base temperatures (Tb) of the horizontally oriented tested cases as functions 

of time at Tin=20 °C and T₀=40 °C. As seen in the unfinned reference case, 

the base temperature levels off after about 50 minutes by the start of 

experiment and continues to decrease with a small slope. In the finned cases, 

the base temperature has a decreasing trend throughout the entire process. 

As the volume fraction of fins increases, by means of increasing the length 

and the number of fins, the transient difference between the base temperature 

and the inlet increases.  

 

Using the non-dimensional Fourier and Stefan numbers, the dimensionless 

group of FoSte shows to be suitably representing the solid fraction data for 

the cases with fixed initial temperature (T₀) and varying inlet temperatures 

(Tin). Here, the cavity width is considered as the characteristic length in 

Fourier and, the transient integrated base temperature has been used in 

calculation of the transient non-dimensional Stefan number. 

 

  

 
 

Figure 33 - Solidification in the horizontally oriented cavity; a) solid fraction, b) 

transient integrated base temperature (Tb) 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 50 100 150 200 250

So
lid

 f
ra

ct
io

n
 (

λ S
)

Time (min)
( a )

10

15

20

25

30

35

40

0 50 100 150 200 250

T 
(°

C
)

Time (min)
( b )

No fin 3-fin/L*=0.75

5-fin/L*=0.5 5-fin/L*=0.75

Tь - No fin Tin

Tь - 3-fin/L*=0.75 Tь - 5-fin/L*=0.5

Tь - 5-fin/L*=0.75



Experimental Investigation of Phase Change in a Finned Cavity 

 59 

Figure 34 illustrates the solid fraction data generalized with the dimensionless 

group of FoSte for the reference and the finned cavities. In each graph, the 

solid fraction data is illustrated for three superheated PCM cases of 3.8, 13.8 

and 23.8 °C (T₀=40, T₀=50 and T₀=60 °C, respectively), each with HTF inlet 

temperatures of 25, 20 and 15 °C.  

 

  

  

 

Figure 34 - Non-dimensional generalized solid fraction data for the tested cases in 

horizontal orientation (θ=0°); a) no-fin, b) 3-fin/=L*=0.75, c) 5-fin/=L*=0.5, d) 5-
fin/=L*=0.75 

Here, the interesting point is that the solidification trend in the superheated 

cases with the initial temperature above the solidification temperature is 

similar to that without superheat. It is shown that, in line with the 
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observations of freezing in a vertical cylinder by Sparrow and Broadbent [12],  

the degree of superheat of the liquid PCM and the subsequently induced 

natural convection flow in the early stages of the freezing process only retards 

the phase change process, while the trend is similar to the non-superheated 

freezing.   

3.3.2 Melting Patterns 
In melting, both conduction and natural convection mechanisms are present 

throughout the process. Initially, conduction is the only acting mechanism. 

At this stage, the solid PCM adjacent to the walls melts and fills the air gap in 

between. Due to the expansion of PCM, the molten PCM seeks extra volume 

as melting occurs. In such a case, it flows upward along the walls of the cavity 

and fills the formed void on top of the solid PCM. The dislocated molten 

PCM due to expansion induces a slightly more melting in the upper portion 

of the cavity on top of the solid PCM and adjacent to the side-walls. Soon 

afterward, as the liquid thickness adjacent to the walls increases the effects of 

the buoyancy-driven motions emerge, credited to the density differences in 

the liquid field.  

 

The vortices induced by the bottom surface also emerge and induce melting 

from bottom. The onset of such vortices depends on exceeding the critical 

Rayleigh number of 1708 [93], as defined for melting from bottom in equation 

23.  

 

𝑅𝑎𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 
𝑔𝛽(𝑇𝑏 − 𝑇𝑚)𝑙𝑚

3

𝜈𝛼
≅ 1708 A Eq. 23 

 

where β is the thermal expansion coefficient, ν is the kinematic viscosity, α is 

the thermal diffusivity, Tb-Tm is the driving force temperature of the phase 

change, and lm is the thickness of the molten layer adjacent to the base. Figure 

35 shows the minimum molten layer thickness of n-eicosane heated from 

below, required for emergence of convective vortices, as a function of the 

temperature driving force. The minimum thickness is calculated based on the 

critical Rayleigh number. As observed, for a few degrees of the temperature 

driving force, the critical thickness could be up to 4-5 mm. As the temperature 

driving force increases to 10-20 °C the minimum thickness reduces to about 

2 mm.  
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Figure 35 - The minimum thickness for the onset of convection in melting from 
below as a function of temperature driving force (Tb-Tm)  

The convective structures in different forms displace the hot and cold liquid 

and in overall contribute to the melting. In the horizontal orientation (θ=0°), 

the cellular three-dimensional vortices emerge from bottom, creating a wavy 

front at the bottom, as observed by Diaz and Viskanta [18].  Figure 36 shows 

the evolution of melt fronts in a constrained melting case in horizontal 

orientation. The effect of the three-dimensional convective cells from the 

bottom surface could be clearly seen on the enlarged melt fronts. Based on 

the evolution of the wavy fronts in time, it could be deduced that the smaller 

cellular vortices at the early stage evolve and merge, forming larger cells in the 

later stages.    

 

Along the side-wall on each side, there is initially an inclined front with a 

thicker layer of liquid PCM adjacent to the base than that at the top. This is 

attributed to the temperature difference in the side-walls and the major role 

of conductive induced melting at early times. As melting progresses, 

convective vortices along the side-walls emerge, circulating the hot and cold 

liquid between the wall and the solid PCM. This reverses the inclination of 

the melt front adjacent to the wall, forming a thicker molten layer on the top.  
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Figure 36 - Transient melting for in a constrained melting with enlarged wavy melt 

fronts in horizontal orientation; Tin= 60 °C and T₀= 30 °C (dimensions are in cm) 

The influence of convective patterns can be seen in the temperature evolution 

of the PCM field throughout melting, as shown in Figure 37 for a symmetric 

half of the no-fin cavity in horizontal orientation. A faster transition from 

solid to liquid is observed for the thermocouples adjacent to the left side-wall, 

first for T1 and then for T2 and T3, credited to the contribution of the 

convection pattern along the left side-wall, and for the thermocouples 

adjacent to the base (T6 and T9) attributed to the presence of cellular vortices. 

As melting proceeds, the convective pattern along the left side-wall induces 

an inclined melt front and a higher melting rate on top of the solid specimen, 

as seen the thermocouples on the top (T4 and T7) experience a faster melting 

than the remaining thermocouples in the solid part. The middle section of the 

solid specimen is the last portion to melt, as shown for the late temperature 

evolution of T5 and T8.  
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No-fin cavity in horizontal 

orientation 

Figure 37 - Temperature evolution of the PCM field within constrained melting for 

the no-fin cavity in horizontal orientation (Tin= 60 °C and T₀= 15 °C) 

In constrained melting, the contributing convective patterns and their nature 

highly depend on the orientation of enclosure. Owing to the angle of 

inclination, the convective structures induced by a plate could be in different 

formats of three-dimensional cellular vortices, two-dimensional vortices 

along the side-walls, or three-dimensional helical vortices induced by an 

inclined surface, as observed by Webb and Viskanta [19].  

 

Figure 38 shows the transient evolution of melting for the unfinned cavity 

with a varying angle of inclination from 0° to 90°. Preceded by the early 

conduction and the subsequent volume-change-driven motion, the buoyancy-

driven flows induce the wavy or the inclined melt fronts. In the vertical 

orientation (θ=90°), inclined melt fronts are observed along the base and 

along the wall opposite to the base. At the bottom, a sloped wavy front is 

seen. The slope in the bottom melt front is attributed to the considerable 

temperature difference in the left side-wall at the bottom in this orientation, 

which is more than twice as high as that in the right side-wall.  

 

Figure 39 (a) shows the temperature difference in the left side-wall for 

different orientations, calculated based on the difference in the integrated 

measured temperature of the base and the measured temperature of the end 

of the left side-wall (Tavg[19-22] - T23, see Figure 24). As shown in Figure 39, 

the temperature difference is more pronounced as the inclination angle 

increases and reaches its maximum at the vertical orientation (θ=90°). At this 

orientation (θ=90°), the relatively thicker sloped molten layer at the bottom, 
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as compared to those along the base and the opposite wall, indicates a higher 

local melting rate. This implies that the cellular three-dimensional vortices 

induce a higher degree of melting although the left side-wall has a lower 

overall temperature than the base.  

 

 

Figure 38 - Visualization of constrained melting in the no-fin case with a varying 

angle of inclination: Tin= 60 °C and T₀= 15 °C (dimensions are in cm) 

In the inclined orientations (θ=30° and θ=60°), the multiple three-

dimensional helical vortices are present along the base and along the left side-

wall at the bottom [19]. In such a convective pattern, the warm liquid at 

multiple spots along the inclined surface rises vertically and impinges on the 

melt front. Through the collision, the flow tends to form a helical pattern and 
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gets cooled down by the contact with the solid PCM, then falling back to the 

inclined heating wall. The helical vortices form a groove-shaped interface on 

the melt front. As the inclination angle increases and the cavity approaches 

the vertical orientation, they tend to diminish and merge to each other and 

form two-dimensional vortices, eventually. Such helical vortices are more 

vigorous in lower angles of inclination and induce a relatively higher degree 

of melting [19].  

 

Here, this could be perceived by comparing the local molten layer thickness 

in the inclined cases of θ=30° and θ=60°, as shown in Figure 38. By 30 

minutes since the beginning of melting in the case of θ=30°, the liquid 

thickness adjacent to the lowermost part of the base is larger than the one 

adjacent to the lowermost part of the left side-wall. However, this could be 

credited also to the relatively higher temperature of the base. In contrast to 

the case with θ=30°, in the case of θ=60° the molten layer adjacent to the left 

side-wall is thicker than the one adjacent to the base. Despite the left side-

wall has a lower temperature driving force due to the existing temperature 

difference, the induced higher thickness implies a higher effectivity of the 

helical convective patterns at lower angles of inclination.  

 

  

  

Figure 39 - Constrained melting in the no-fin case with a varying tilting angle at Tin= 

60 °C and T₀= 15 °C; a) temperature difference in the left side-wall, b) liquid fraction 

0

2

4

6

8

10

12

14

16

0 20 40 60 80 100

Δ
T 

( 
°C

)

Time (min)
( a )

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 20 40 60 80 100

Li
q

u
id

 f
ra

ct
io

n
 (

λ m
)

Time (min)
( b )

θ = 0° θ = 30°

θ = 60° θ = 90°
θ = 0° θ = 30°

θ = 60° θ = 90°



Heat transfer enhancement of latent thermal energy storage in rectangular 

components  

66  

Along the other surfaces of the cavity, including the right side-wall and the 

opposite wall, two-dimensional vortices can be envisioned. It is inferred that 

these convective structures circulate the liquid PCM between the mentioned 

wall surfaces and the solid PCM, and collide with the helical three-

dimensional vortices rising from the base or the left side-wall. In the case of 

θ=30° at 30 minutes by the start of experiment, the formed concave at the 

uppermost of the melt front adjacent to the base is where the helical vortices 

meet the two-dimensional vortices induced by the right side-wall. Similar 

concave fronts are observed for the case of θ=60°, at t=45 min and t=60 min, 

at the uppermost of the melt front adjacent to the left side-wall.  

 

As a whole, when the tilting angle increases from 0° to 90° in the n-fin case, 

the overall melting rate decreases. As shown in Figure 39 (b), the case at 

θ=90° has the longest melting time. Interestingly, a similar overall melting rate 

with θ=0° and θ=30° is achieved. As the angle increases, the intensity of the 

convective patterns of the case at θ=30° (helical vortices) diminishes, as 

compared to that of the case at θ=0° (cellular vortices), causing a less vigorous 

buoyancy mechanism. On the other hand, the heat transfer area increases 

relatively with an increase in the tilting angle, compensating for the mitigation 

in the convection intensity. The presence of the described counteracting 

parameters, here, points to a possible optimum inclination angle within the 

range of 0° to 30°. 

 

Extending the heat transfer area by using fins enhances the conduction-driven 

melting. However, depending on the orientation, fins either contribute to 

development of the buoyancy-driven motions within the field of liquid in a 

constrained melting case or slow down such motions. Figure 40 shows the 

influence of the mid-way fins (5fin/L*=0.5) on the melting process in the 

cavity in horizontal (θ=0°) and vertical (θ=90°) orientations. Soon after the 

early conduction-driven melting, the convective structures emerge within the 

molten PCM field. In the case of θ=0°, the convective motions are present at 

the bottom in the form of cellular irregular vortices and along the side-walls 

and the fins in the shape of two-dimensional vortices. As time passes, the 

melt front adjacent to the base moves upward. Meanwhile, the vortices create 

inclined fronts along the side-walls and form multiple concave interfaces 

along the fins. 
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Figure 40 - Visualization of constrained melting in the 5-fin/L*=0.5 case at vertical 

and horizontal orientations; Tin= 60 °C and T₀= 30 °C (dimensions are in cm) 

The irregularity of the cellular vortices and two-dimensionality of the side 

vortices could be deduced from the shape of solid-liquid interface during 

melting. Figure 41 shows the solid-liquid interface at about 18 minutes for a 

constrained melting case in the 5-fin/L*=0.5 cavity in horizontal orientation. 

The irregular shape of the interfaces adjacent to the base (highlighted in red), 

in the direction normal to the transparent plexiglass surface, infers the 

presence of irregular cellular vortices induced from the bottom surface. In 

contrast, the uniformity of the melt front in the direction normal to the 

plexiglass surface implies that the convective patterns along the length of fin 

are two-dimensional. As melting completes between the fins, the convection 
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contributes beyond the fin length as the convective structures along fins 

merge with each other and impinge on the continuously moving upward 

front.  

 

 

Figure 41 - Uniform (blue) and irregular (red) solid-liquid interfaces during 
constrained melting in the 5-fin/L*=0.5 cavity in horizontal orientation 

On the other hand, in the case of θ=90°, as shown in Figure 40, the 

convective motions emerge at the bottom, along the opposite wall to the base 

and along the finned base. Along the opposite wall, preceded by the early 

conduction-induced melting, a long undisturbed two-dimensional vortex is 

formed, at which the warm liquid adjacent to the opposite wall moves upward 

and the cold one adjacent to the solid PCM moves downward. The expanded 

PCM during melting, seeking extra volume, fills the formed void on top of 

the solid. Along the finned base, as the PCM melts down thin molten layers 

with decreasing thicknesses along the horizontal fins are formed. At this stage, 

the melted PCM adjacent to the top fin falls down and fills the void, leaving 

the solid PCM on the top detached from the fin surface. As melting proceeds, 

the molten layers on the upper surface of the fins grow faster and tend to get 

thicker than those of the lower surface. This implies existence of cellular 

three-dimensional vortices induced by the upper surface of the fins, making 

the wavy sloped fronts.  
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On the other hand, adjacent to the lower surfaces of the fins, the shape of 

smoothly inclined fronts can be attributed to the effect of two-dimensional 

convective motions surrounded by the base and the lower surface of the fins 

and the adjacent solid PCM. In fact, in these parts, it is deduced that the warm 

liquid ascends along the base and then along the horizontal fin. As it reaches 

the tip of the fin, a portion of it passes by the fin tip and moves upward 

merging with the vortices on the top surface, while another portion cools 

down in the vicinity of the solid PCM and descends along the solid-liquid 

interface. The observations here are in line with those by Kamkari and 

Shokouhmand [23]. As melting evolves beyond the fins, the horizontal fins 

block the flow along the base, slowing down the circulation of molten PCM 

and decreasing the melting rate of the adjacent solid bulk of PCM.  

 

In overall, the observations show that the convective flow along the 

horizontally finned base (vertical cavity) is obstructed by the presence of fins. 

This slows down the process of constrained melting in a vertically oriented 

cavity with horizontal fins, as compared to the similar enclosure oriented 

horizontally. Figure 42 compares the liquid fraction data for the 5-fin/L*=0.5 

case in both vertical and horizontal orientations. As observed, due to the 

suppression of the convective flow, the melting rate at θ=90° is considerably 

lower than θ=0° and the complete melting time is longer by 51%. Here, the 

interesting point is that, as long as the solid PCM is present between the fins 

at θ=90°, the small cellular vortices induced by the upper surface of the 

horizontal fins contribute to the process; however, the major flow along the 

vertical finned base is slowed down as a result of the presence of the 

horizontal fins. This causes the melting rate of the vertical case to follow that 

of the horizontal case with a margin.  

 

After the melting between the fins in the vertical orientation gets complete, 

the melting rate deviates largely from the rate at θ=0°. This is due to the fact 

that the cellular vortices generated by the upper surfaces of fins disappear and 

the major convective flow along the finned base is obstructed. At this point, 

the melting is slowed down significantly and a longer time is needed to melt 

the solid specimen, constrained in the middle of the cavity. This happens in 

the vertically oriented cavity, while in the horizontally oriented cavity the 

convective structures contribute to the process throughout the entire process. 

Longer horizontal fins extended toward the opposite wall in the vertically 
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oriented cavity are expected to mitigate this effect as they induce the cellular 

vortices in a longer time and presumably through the entire melting process. 

 

 

Figure 42 - Liquid fraction during constrained melting for the 5-fin/L*=0.5 case at 

vertical and horizontal orientations; Tin= 60 °C and T₀= 30 °C 

In the horizontal orientation, increasing the fins volume fraction by means of 

increasing their length and number contributes to development of multiple 

convective patterns with no hindering of such motions within constrained 

melting. However, too small distance between the fins may result in hindering 

the convective flow, shifting the major mechanism in constrained melting 

from convection to conduction [103]. 

 

Figure 43 shows the transient evolution of melting in presence of the vertical 

fins at Tin=55 °C and T₀=30 °C. In the beginning, in the finned cases, the rate 

of melting at the base of the fin is higher and a higher thickness of the molten 

layer than that adjacent to the tip is formed at the base. This early inclination 

of the solid-liquid interface along the fins is credited to the temperature 

difference in the fin and the lower temperature of the tip than that of the base. 

As natural convection emerges, the inclination of the solid-liquid interface 

along the fin length tends to get reversed, causing a higher melting rate around 

the tips. In later stages, the buoyancy-driven motions induce concave fronts 

around the tips in the case of the cavity with short fins and inclined fronts 

around the tip of the long fins and along the side-walls. Although the vertical 

fins contribute to the melting process, their positive effect on shortening the 

melting time is modest. 
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The liquid fraction within the melting for the illustrated cases in Figure 43 is 

shown in Figure 44 (a). As compared to the reference case with melting time 

of 88 minutes, the melting time for the enhanced cases of 3-fin/L*=0.75, 5-

fin/L*=0.5 and 5-fin/L*=0.75 cases has decreased by 38%, 46% and 50%, 

respectively. The 5-fin/L*=0.5 case has a higher melting rate than that of 3-

fin/L*=0.75, with a higher effective heat transfer area by 6% than the latter. 

It has also a similar melting trend to the 5-fin/L*=0.75 case, showing the 

contribution of the convective flows beyond the fin tips. The better 

performance of the 5-fin/L*=0.5 case than the 3-fin/L*=0.75 case could be 

due to both the higher heat transfer area and the contribution of the 

convective patterns beyond the short fin length. 

 

 

Figure 43 - Visualization of constrained melting for the no-fin and finned cavities; 

θ=0°, Tin= 55 °C and T₀= 30 °C (dimensions are in cm) 

The integrated base temperatures within constrained melting cases have 

transitional trends, but to lesser extents in contrast to the solidification cases, 

leveling off after the early stages of melting. Figure 44 (b) shows the inlet 

temperature (Tin) and the integrated base temperatures (Tb) of the horizontally 

oriented cases as functions of time at Tin=55 °C and T₀=30 °C. As plotted, 

the integrated base temperatures get stabilized after the early stages of 

constrained melting and henceforth continue to increase with a mild slope in 
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all the cases. The stabilization of the integrated base temperatures is credited 

to the presence of natural convection mechanism within the molten PCM. 

The vortices constantly bring up the warmed-up liquid toward the melt front 

and make the cooled down liquid adjacent to the solid-liquid interface move 

downward, causing a plateau in the base temperature as long as melting 

adjacent to the base goes on. The quick reduction in the base temperature for 

the no-fin cavity case at the end of the process corresponds to the complete 

detachment of the remaining solid specimen and its achieved contact with the 

base. The convective mechanism throughout constrained melting performs 

as an acting force to reduce the thermal resistance on the PCM side. In the 

finned cases, the base temperatures stabilize at a lower temperature than that 

of the reference case, implying the influence of fins on decreasing the PCM 

thermal resistance.  

 

  

 
 

Figure 44 - Constrained melting for the no-fin and finned cavities at θ=0°, Tin= 55 °C 

and T₀= 30 °C; a) liquid fraction, b) evolution of base temperature (Tb) 

To generalize the melt fraction data for different HTF inlet temperatures, a 

group of dimensionless parameter are needed to represent the both 

mechanisms of conduction and convection in constrained melting. Sparrow 

et al. [98] showed that the FoSte served well to represent the conduction-

driven melting in a cylinder at the early stages of melting. As melting 

progressed, the FoSte group showed deviations from the experimental data, 
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reasoned to the effects of natural convection mechanism. Instead, the suitable 

abscissa was found to be in the form of FoSteGrn, while the appropriate 

exponent for Grashof number was found to be 1/8, accounting for the 

natural convection in that work. Here, a similar abscissa has been employed 

where Gr has been replaced by Ra, serving well to generalize the melt fraction 

data, as shown in Figure 45. The characteristic length in Fo and Ra is based 

on the PCM height in the cavity (H) and the Ste and Ra have been calculated 

based on the integrated base temperature for each configuration.  

 

  

  

 

Figure 45 - Non-dimensional generalized liquid fraction data during constrained 

melting for the tested cases in the horizontal orientation (θ=0°); a) no fin case, b) 3-
fin/=L*=0.75, c) 5-fin/=L*=0.5, d) 5-fin/=L*=0.75 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 0.06 0.12 0.18 0.24 0.3

Li
q

u
id

 f
ra

ct
io

n
 (

λ m
)

FoSteRa1/8

( a )

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 0.04 0.08 0.12 0.16 0.2

Li
q

u
id

 f
ra

ct
io

n
 (

λ m
)

FoSteRa1/8

( b )

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 0.04 0.08 0.12 0.16 0.2

Li
q

u
id

 f
ra

ct
io

n
 (

λ m
)

FoSteRa1/8

( c )

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 0.04 0.08 0.12 0.16 0.2

Li
q

u
id

 f
ra

ct
io

n
 (

λ m
)

FoSteRa1/8

( d )

T₀=30 °C - Tin=60 °C T₀=30 °C - Tin=55 °C T₀=30 °C - Tin=50 °C

T₀=25 °C - Tin=60 °C T₀=25 °C - Tin=55 °C T₀=25 °C - Tin=50 °C

T₀=15 °C - Tin=60 °C T₀=15 °C - Tin=55 °C T₀=15 °C - Tin=50 °C



Heat transfer enhancement of latent thermal energy storage in rectangular 

components  

74  

In Figure 45, each graph corresponds to a specific configuration of the cavity 

oriented horizontally. In each graph, the melt fraction data has been presented 

for three subcooled PCM cases of 6.4, 11.4 and 21.4 °C (T₀=30, T₀=25 and 

T₀=15 °C, respectively) per HTF inlet temperatures of 50, 55 and 60 °C. The 

generalized melt fraction data in constrained melting shows that, similar to 

the solidification data, the subcooling degree of the solid PCM only delays the 

melting process while heat is being transferred to the solid PCM and its 

temperature increases to reach the onset of melting. Henceforth, the melting 

trends with offsets in time are similar for the different subcooled cases.  

 

In case of Close Contact Melting (CCM), where the solid PCM is detached 

from the surroundings and free to fall under gravity, the dominant heat 

transfer mechanism shifts from the natural convection to the conduction 

within the narrow gap, formed between the continuously sinking PCM and 

the heating surface. Figure 46 shows the unconstrained melting in the bare 

cavity under a varying angle of inclination. In the horizontal orientation 

(θ=0°), the detached solid PCM maintains contact with the base consistently 

as it sinks downward. In the case with θ=45°, the solid PCM achieves contact 

with both the base and the left side-wall, and accomplishes a higher melting 

rate than does the case with θ=0°. As the PCM shrinks with time, the contact 

area between the PCM and the surfaces reduces, resulting in a decrease in the 

melting rate.  

 

In the vertical orientation (θ=90°), the falling PCM initially finds contact with 

the left side-wall at the bottom. At this stage, a considerably high melting 

occurs at the lowermost right side of the side-wall, adjacent to the inlet and 

the base. This creates a considerably high temperature difference throughout 

the left side-wall and an asymmetric melting. As more melting occurs in this 

section, the solid PCM tends to have a rotational movement, pivoting around 

the lowermost left side of the cavity as more melting occurs on the lowermost 

right side. Such a movement brings the top part of the solid PCM in a partial 

contact with the base. Beneath this partial contact, a connective motion can 

be envisioned circulating the liquid between the base and the asymmetrically 

sinking solid PCM. Two more vortices can be envisioned above the solid 

PCM in which the warm liquid moves upward along the base and the opposite 

wall and the cold liquid moves downward adjacent to the top-sides of the 

sinking solid PCM. The contribution of convective structures is expected to 
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be small in comparison with that of conduction in the close contact. As the 

melting progresses in the vertical orientation, the top right corner of the solid 

PCM melts and causes the remaining solid bulk to slide toward the lowermost 

right corner of the cavity, while the asymmetric melting by the corner 

continues until the end.  

 

 

Figure 46 - Visualization of close-contact melting (CCM) for the no-fin case with a 

varying angle of inclination; Tin= 60 °C and T₀= 34 °C (dimensions are in cm) 

The temperature differences in the left side-wall and the melting rates are 

shown in Figure 47 as functions of time. As expected, the case with θ=0° has 

the lowest temperature difference after the peak attributed to the initial 

melting of PCM adjacent to the wall, as shown in Figure 47 (a). The cases 
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with θ=45° and θ=90° have considerably higher temperature differences in 

the wall, credited to the contact with the solid PCM. With θ=45°, the 

difference has a sharply decreasing trend as the contact area of the shrinking 

solid with the left side-wall decreases with time. A similar trend is observed 

for the case with θ=90° with a sharp decrease at the end, attributed to the 

sliding movement of the remaining solid toward the lowermost right corner 

of the cavity. As observed for the melting rates in Figure 47 (b), the case with 

θ=45° has a partially higher melting rate than the case with θ=0°. At the end 

of the process, the melting rate of the case with θ=45° decreases slightly and 

approaches that of the case with θ=0°. The melting case with θ=90° is longer 

by 25% than the other two cases. In this case, the solid attains a relatively less 

contact area with the heating surfaces, with a lower quality of the contact in 

terms of the temperature driving force, specifically with the left side-wall. 

 

  

  

Figure 47 - Close-contact melting in the no-fin case with a varying tilting angle at 

Tin= 60 °C and T₀= 34 °C; a) temperature difference in the left side-wall, b) liquid 
fraction 

Extending the area using fins has the potential to increase the close contact 

area, depending on the orientation of fins. In the case with vertical fins, a solid 

bulk of PCM achieves contact with the base, as it detaches from the 

surrounding surfaces. In this orientation, the added surface area by the fins 

does not contribute to the close-contact melting. In the tilted cases, the 

benefit of using fins is more prominent as the solid bulk attains the close 

contact with fins. However, heat is transferred at a lower rate through the 
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close contact by the fins, as compared to that by the base, due to the 

temperature difference in the fins. 

 

Figure 48-50 show the evolution of unconfined melting for the three 

configurations of finned cavity at inclination angles of 0°, 45° and 90°. With 

the long fin cases of 3fin/L*=0.75 and 5fin/L*=0.75 at θ=0°, as shown in 

Figure 48 and Figure 50, the solid bulks prominently attain contacts with the 

base. Due to pivoting of the solid specimens and their subsequent rotational 

move, they may find partial contacts with the vertical fins. The tipping during 

close contact could be attributed to the non-even melt front from the bottom, 

caused by the cellular convective motions from bottom prior to the beginning 

of close contact, and presumably the non-uniform heating from bottom. 

Meanwhile, as melting progresses, several vortices could be envisioned along 

the side-walls and along the fins.  

 

In the case of mid-way vertical fins (5fin/L*=0.5 and θ=0°), shown in Figure 

49, the solid bulk specimen is held by the tip of the fins while the sinking 

continues. As the solid is anchored by the tips, its contact with the base is 

perturbed. The disturbed contact with the base at this stage results in a lower 

melting rate in this case than those cases with long fins. While the solid PCM 

is being held, vortices adjacent to the fins could be envisioned delivering the 

warm liquid upward and bringing down the cold liquid along the solid-liquid 

interface. The mentioned buoyancy-driven flows accelerate the melting along 

the fins and their contribution share is estimated to be higher than that of a 

CCM dominated melting, as mentioned in literature by Sparrow and Geiger 

to be about 6-12 % [22], by Saitoh and Kato [96] and by Bareiss and Beer [95] 

to be around 10-15 %. The contribution of natural convection at the stage, 

which the solid specimen is one entity and not divided into several parts, is 

estimated to be about 30%. Such share is calculated by subtracting the close 

contact-induced melt fraction, by measuring the solid height and calculating 

the corresponding melted volume in vertical direction, from the total melt 

fraction within the cavity in the anchoring time span. Here, the higher 

obtained share is credited to the disturbed contact at the base as the solid 

specimen is anchored by the fins. 
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Figure 48 - Visualization of close-contact melting (CCM) for the 3-fin/L*=0.75 case 

with a varying angle of inclination; Tin= 60 °C and T₀= 34 °C (dimensions are in cm) 

In the cases of inclined cavities, the solid accomplishes a higher degree of 

contact with the fin surfaces than that of the horizontal case. At θ=45°, the 

solid specimen maintains contact with both the fin surfaces and the base. As 

a result, contact-induced melting contributes to the process from both the 

base and the upper fin surfaces, causing the solid bulk to shrink from both 

sides. As the integrated temperature of the base is relatively higher than that 

of the fins, the melting caused by the former is more prominent than the 

latter, despite the relatively lower degree of contact with the former. This 

leads to a higher extent of shrinkage toward the base.  

 



Experimental Investigation of Phase Change in a Finned Cavity 

 79 

 

Figure 49 - Visualization of close-contact melting (CCM) for the 5-fin/L*=0.5 case 

with a varying angle of inclination; Tin= 60 °C and T₀= 34 °C (dimensions are in cm) 

On the other side, less pronounced contact-induced melting by the fin 

surfaces relative to the melting by the left side-wall causes the solid specimen 

to lose the contact with the left side-wall at the bottom-left of the cavity. 

Meanwhile, several vortices on the lower side of fins are formed circulating 

the liquid between the fin surfaces and the adjacent melt fronts. Another 

vortex along the opposite side can be envisioned, at which the warm liquid 

rises along the wall and the cold liquid descends adjacent to the upper left side 

of the solid specimen. As the dimension of the solid along the fins tends to 

be lower than the fin length, the solid is divided into several parts. This takes 

a longer time for the mid-way finned cavity (5fin/L*=0.5) than the other two 
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finned cases (3fin/L*=0.75 and 5fin/L*=0.75) due to the shorter length of 

fins. The divided specimens then attain intimate contacts with the fins and 

the base until the end. 

 

 

Figure 50 - Visualization of close-contact melting (CCM) for the 5-fin/L*=0.75 case 

with a varying angle of inclination; Tin= 60 °C and T₀= 34 °C (dimensions are in cm) 

In the vertical orientation (θ=90°), the solid achieves contacts with the 

horizontal fins during the fall. The temperature difference within the 

horizontal fins causes a non-uniform melting along the length of fins in a way 

that higher melting occurs closer to the base. Such a non-even melting shifts 

the center of gravity of the solid specimen toward the opposite wall. As a 

result, with passing time, the specimen slides away from the base and tends 
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to have a rotational movement. Meanwhile, the convective motions start 

emerging within the portions of liquid formed beneath the fins. In such 

vortices, warm liquid travels upward along the base and then along the lower 

surface of the fins. As it impinges on the melt front at tip of the fins, it tends 

to cool down and descend along the solid-liquid interface beneath the fins. In 

addition, a similar convective pattern is expected to happen along the 

opposite wall.  

 

As melting progresses, the center of gravity is completely shifted toward left 

and the solid bulk finally pivots counterclockwise around the tip of the fins, 

losing the contact with the fins. This happens relatively earlier for the mid-

way finned cavity (5fin/L*=0.5) with shorter fin length than the finned 

cavities with long fins (3fin/L*=0.75 and 5fin/L*=0.75). Here, the solid bulk 

is divided by the tip of the fins into a major block and several small pieces. 

The small pieces remain on the upper surface and melt until the end as the 

major solid block moves downward, achieving partial contacts with the 

opposite wall and with the left side-wall at the bottom. Melting at this stage 

until the end occurs at a lower rate, as compared to the previous stages of 

melting, attributed to the irregular and partial contacts of the remaining solid 

specimen. 

 

Because of the perturbed close-contact, the cavity at vertical orientation has 

a longer melting time than the case in other inclination angles. Figure 51 

shows the melt fractions within unconfined melting as functions of time for 

the bare and finned cavities at inclination angles of 0°, 45° and 90°. As shown 

in Figure 51 (a), the melting times for the finned case of 5fin/L*=0.5 at θ=0° 

and θ=45° are similar. However, by about 80% of melting, the case with 

θ=45° has a slightly higher melting rate than that at θ=0°, and then a lower 

rate until the end. This is attributed to the continuously decreasing contact 

area of the former with the base and with the walls with lower temperature 

than the base, while the latter attains the contact with the base until the late 

stages of the process.  

 

The case of 5fin/L*=0.5 has a considerably lower melting rate at θ=90°, as 

compared to θ=0°, and a longer melting time by 70% reasoned to the 

inefficient close-contact during the process. Longer horizontal fins in the 

vertically oriented cavity help maintain the close-contact for a relatively longer 
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time and retard the pivoting of the solid specimen. As illustrated in Figure 51 

(b), the cases of 3fin/L*=0.75 and 5fin/L*=0.75 have a shorter melting time 

than 5fin/L*=0.5 at θ=90°. At θ=0° and θ=45°, the difference in the length 

and number of fins appears to have insignificant effects on the time-wise 

melting rates in close-contact melting.   

 

  

 

Figure 51 - Comparison of liquid fraction during close-contact melting for the studied 

cases with varying angles of inclination at Tin= 60 °C and T₀= 34 °C; a) no-fin and 5-
fin/L*=0.5, b) finned cases 

When the close-contact happens, the heat transfer on the PCM sides 

improves considerably. This causes a relatively lower transient base 

temperature than that of the constrained melting case, indicating of a 

decreased overall thermal resistance on the PCM side. Figure 52 (a) compares 

the transient integrated base temperatures of the constrained and 

unconstrained melting for the no-fin and the 5-fin/L*=0.5 cases. As 

observed, in both cases the base temperatures are lower in unconstrained 

melting than those in constrained melting. In the following, the transient base 

temperature for the testing configurations at θ=0°, shown in Figure 52 (b), is 

used for the generalization of the liquid fraction data.  

 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 10 20 30 40 50

Li
q

u
id

 f
ra

ct
io

n
 (

λ m
)

Time (min)
( a )

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 10 20 30 40 50

Li
q

u
id

 f
ra

ct
io

n
 (

λ m
)

Time (min)
( b )

no-fin - θ=0° no-fin - θ=45° no-fin - θ=90°

3-fin/L*=0.75 - θ=0° 3-fin/L*=0.75 - θ=45° 3-fin/L*=0.75 - θ=90°

5-fin/L*=0.5 - θ=0° 5-fin/L*=0.5 - θ=45° 5-fin/L*=0.5 - θ=90°

5-fin/L*=0.75 - θ=0° 5-fin/L*=0.75 - θ=45° 5-fin/L*=0.75 - θ=90°



Experimental Investigation of Phase Change in a Finned Cavity 

 83 

  

 

Figure 52 - Integrated base temperature (Tb) at θ=0°, Tin= 60 °C and T₀= 34 °C; a) 
tested cases during close-contact melting, b) close-contact melting VS. constrained 

melting 

In contrast to the constrained melting for non-dimensional generalization of 

the liquid fraction data, the Ra parameter in the non-dimensional abscissa is 

irrelevant as natural convection plays a minor role in CCM. Using the 

integrated base temperature during the conduction-dominant CCM 

processes, the melt fraction data has been generalized for each finned case 

with the FoSte3/4 group. Figure 53 shows the generalized data where each 

graph corresponds to a specific configuration of the cavity in horizontal 

orientation at T₀=34 °C and the HTF inlet temperatures of 50, 55 and 60 °C.  

 

Comparing the melting time in the unconstrained and the constrained mode 

for all the cases, a lower melting time is achieved for the close contact mode, 

regardless of variations in the angle of inclination. Figure 54 summarizes the 

melting time for all the testing cases with different orientations. As observed, 

the close-contact-driven melting has a better performance as compared to the 

buoyancy-driven melting. In the horizontal orientation, the melting time in 

the reference case is by 42-50 % shorter in CCM than that in constrained 

melting. The enhancing effect of close-contact is more pronounced at lower 

inlet temperatures. For the former and the latter modes of melting, 

30

35

40

45

50

55

60

65

0 10 20 30 40 50

T 
(°

C
)

Time (min)
( a )

30

35

40

45

50

55

60

65

0 10 20 30 40 50

T 
(°

C
)

Time (min)
( b )



Heat transfer enhancement of latent thermal energy storage in rectangular 

components  

84  

respectively, employment of fins in the best case shortens the melting time by 

35% and 52 %.  

  

  

 

Figure 53 - Non-dimensional generalized liquid fraction data during close-contact 
melting for the tested cases in the horizontal orientation (θ=0°); a) no fin case, b) 3-

fin/=L*=0.75, c) 5-fin/=L*=0.5, d) 5-fin/=L*=0.75 

In the horizontal orientation, as the fin volume fraction increases, the 

discrepancies in melting time in constrained and unconstrained melting 

diminishes. The total melting time in close-contact mode is shortened by 

32%, 27% and 18% for the 3-fin/L*=0.75, 3-fin/L*=0. 5 and 5-fin/L*=0.75 

cases, respectively, as compared to the same configurations in constrained 

melting. An increasing trend in the melting time for all the cases is seen as the 

tilting angle increases, causing eventually an inferior performance at the 

vertical orientation (θ=90°). Finally, an optimum in the close-contact melting 

time for the no-fin cavity at θ=15° is observed. 
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Figure 54 - Comparison of melting time with a varying angle of inclination (θ°) at 

Tin= 60 °C and T₀= 34 °C; CCM VS. Constrained melting 

3.3.3 Power Analysis  
Analysis of the transient rate of heat transfer is essential to assess the 

performance of the LTES system within the phase change process. It is a key 

factor accounting for both the loss of PCM mass due to the incorporation of 

fins in the cavity and the induced enhancement by the fins in varying tilting 

angles. To facilitate the comparison among the studied cases, the absolute 

values of the total net transient rate of heat transfer (see equation 7) for 

solidification and melting have been analyzed as a function of the relative 

accumulated extracted/stored energy corresponding to each case.  

 

All the studied cases have a rather high rate of heat transfer in the beginning. 

Such a high rate corresponds to the rapid sensible heat transfer in the cavity 

structure and the encapsulated PCM at the early stages of the experiments. At 

later stages, the transient heat transfer rate levels off or continue decreasing 

consistently, depending on the heat transfer mechanisms involved in the 

process. In the solidification process with conduction as the primary 

mechanism, the transient power reduces consistently. In the constrained 

melting cases, the rate of heat transfer stabilizes after the initial sensible gain 

as a result of natural convection contribution to the process.  

 

Figure 55 illustrates the absolute rate of heat transfer for the tested 

configurations in solidification and constrained melting as a function of the 

accumulated extracted/recovered energy. The decreasing trend in the 
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absolute solidification power is characterized by the increasingly slowing 

down conductive heat transfer through the growing layer of solid PCM. Fins 

have been able to improve the transient thermal power of solidification 

significantly. The 5-fin/L*=0.75 case has the highest rate of heat transfer, with 

the highest degree of added area with respect to the reference case, achieving 

a five times higher power rate at the end of the process. It is worthy of note 

that the short finned cavity with a higher number of fins (5-fin/L*=0.5) has a 

higher freezing power than that of the long finned cavity with lower number 

of fins (3-fin/L*=0.75), with a higher effective area by 6%, except at the last 

stages where the solid front progresses beyond the fins in the former.  

 

  

 

Figure 55 - Transient power VS. relative accumulative extracted/stored energy at 

θ=0°; a) solidification (Tin=20 °C and T₀=40 °C), b) melting (Tin=55 °C and T₀=30 
°C) 

In contrast to the solidification cases, in the constrained melting cases as 

shown in Figure 55 (b), the transient power levels off for all the tested 

configurations as natural convection governs the melting, forming a plateau. 

The small bump at the end for the reference case corresponds to the sinking 

of the remaining solid bulk and its close contact with the base. The transient 

power of the case 5-fin/L*=0.75 during constrained melting has been 

enhanced more than twice as high as that of the reference case. The 5-

fin/L*=0.5 case has a higher value than the 3-fin/L*=0.75 case throughout 

the entire melting process and almost as high as the 5-fin/L*=0.75 case. This 

indicates that the buoyancy-driven structures in the short finned cavity 
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contribute to the process as melting exceeds beyond the fin tip. The results 

show that in constrained melting, the configuration with a higher number of 

short vertical fins can have a better performance than the case with a lower 

number of long vertical fins. 

 

In CCM, where the governing mechanism shifts from natural convection to 

conduction, achieving a consistent close-contact is the key factor in having a 

high rate of heat transfer. Figure 56 shows the transient rate of heat transfer 

within unconfined melting in the studied cavities at inclination angles of 0°, 

45° and 90°. At θ=0° and θ=45°, in all the cases except the 5fin/L*=0.75 case, 

an increase in the rate of heat transfer is observed as the solid specimens are 

completely detached and the close-contact begins, making them superior to 

those at θ=90°. The inferior rate of heat transfer at θ=90° is primarily because 

of the contacts with the horizontal fins in the finned cases and the left side-

wall with relatively lower integrated surface temperatures than the base, and 

eventually due to the loss of contact by pivoting around the fin tips.  

 

For the no fin cavity and the 5-fin/L*=0.5 cases, shown in Figure 56 (a, c), 

the transient rate of power is higher at θ=45°, as compared to the θ=0°. In 

the no fin case, the combined contact of the solid specimen with the base and 

the left side-wall causes a partially higher rate of heat transfer than that at 

θ=0°. The heat transfer rate of θ=45° decreases below that of θ=0° at the 

end, due to the progressively reducing contact with the base as the solid 

specimen slides toward the lowermost left side of the tilted cavity (see Figure 

46).  

 

In the case of short finned cavity, as shown in Figure 56 (c), the heat transfer 

rate of θ=0° is lower than that of θ=45° when the CCM begins, as the sinking 

PCM is anchored by the short fins and the close-contact with the base with 

the superior temperature driving force is perturbed (see Figure 49). In this 

case (θ=0°), as melting proceeds and the solid specimen is divided into 

multiple pieces, retaining contacts with the base, the heat transfer rate 

increases and exceeds the decreasing rate of θ=45°. Interestingly, at θ=45°, 

the short fins act like anchors for the remaining sinking solid at the late stages 

of melting, even more decreasing the heat transfer rate. In the case of long 

finned cavities, shown in Figure 56 (b, d), the rate of heat transfer is rather 

similar at θ=0° and 45° with a small decrease in the latter, as compared to the 
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former. The long fins tend to avoid acting as anchors for a long time. In fact, 

the division of the solid specimen occurs sooner in the case of long finned 

cavity than in the case of short finned, enabling the solid pieces to preserve 

the close-contact consistently. It is noteworthy to point to the fact that, with 

long fins, the effect of having a larger contact area with a relatively lower 

integrated temperature at θ=45° has been the same as having a smaller contact 

area with a higher surface temperature at θ=0°.  

 

  

  

 

Figure 56 - Transient heat transfer rates during close-contact at inclination angles of 

0°, 45° and 90° at Tin=60 °C and T₀=34 °C; a) no fin case, b) 3-fin/=L*=0.75, c) 5-
fin/=L*=0.5, d) 5-fin/=L*=0.75 
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Figure 57 compares the transient rate of heat transfer for all the studied cases 

during close-contact at θ=0°. As illustrated, extending the surface area 

increases the transient heat transfer rate although the fins at θ=0° do not 

contribute to the close-contact, and even in some cases like short fins act as 

anchors to some extent into the melting process and perturb the close-contact 

retained by the base. In fact, the vertical fins in unconstrained melting 

contribute to enhance the conduction-driven melting in the beginning of the 

process and then to develop the buoyancy-driven structures with a minor 

influence, as compared to the close-contact effect of the base. The effect of 

the highest added fin area is seen in the 5-fin/L*=0.75 case, having a higher 

heat transfer rate than the rest, except the time when the anchoring effect of 

the short fins fades away and the heat transfer rate of 5-fin/L*=0.5 case 

exceeds that of the 5-fin/L*=0.75 case. 

 

 

Figure 57 - Transient close-contact melting power for the no-fin and the finned 

cavities oriented horizontally (θ=0°): Tin=60 °C and T₀=34 °C 

In overall, the detachment of solid PCM in melting and achieving the close-

contact increases the melting rate and the transient power, as compared to 

constrained melting. Figure 58 compares the constrained and the 

unconstrained melting rates for the no fin cavity and the short finned cavity 

at inclination angles of 0° and 90°. Regardless of the orientation, the 

unconstrained melting has a higher melting rate than the constrained melting 

cases. In addition, in all the shown case, the cavity oriented horizontally is 

superior to the one oriented vertically.    
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Figure 58 - Transient melting power: constrained melting VS. close-contact melting, 

Tin=60 °C and T₀=34 °C; a) θ=0°, b) θ=90° 

Finally, to have the overall effect of enhancement induced by fins, mean 

power within phase change needs to be evaluated. Figure 59-60 illustrate the 

mean solidification and constrained melting PCM powers of the horizontally 

oriented cases as functions of the temperature driving force with varying 

subcooling/superheating degrees (ΔT= abs(T₀-Ts/m)). The mean PCM power 

here is calculated as the ratio of the total extracted/stored heat by the 

encapsulated PCM, including the latent and sensible shares, to the 

corresponding phase change time (see equations 10-11). The temperature 

driving force is defined as the absolute difference between the HTF inlet 

temperature and the onset of phase change (ΔT=abs(Tin-Ts/m)). It is shown 

that although having a subcooled/superheated PCM increases the share of 

sensible energy, it makes a minor change in the phase change time and then 

the mean PCM power, with respect to a case without superheated/subcooled 

PCM.  

 

This points out to the fact that the decisive factor in determining the phase 

change time is the temperature driving force and not the 

subccooling/superheating degree. As shown and discussed in section 3.3.1-2, 

the increase in subcooling or superheating only retards the process to a low 

degree, indicating of a minor effect on the phase change time. As observed 
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here, given a fixed subcooling/superheating degree, increasing the 

temperature driving force from 11.2 °C to 26.2 °C and from 13.6 °C to 23.6 

°C for solidification and melting, respectively, increases the mean power by 

maximum 156% and 96%. Whereas with a fixed temperature driving force, 

varying the subcooling and superheating degrees from 3.8 °C to 23.8 °C and 

from 6.4 °C to 21.4 °C, respectively, alters the mean power by maximum 21% 

and 5% for solidification and melting, correspondingly.  

 

 

Figure 59 - Mean solidification power of the encapsulated PCM as a function of 
temperature driving force for ranging superheating degree    

 

Figure 60 - Mean constrained melting power of the encapsulated PCM as a function 
of temperature driving force for ranging superheating degree    

Interesting to note is that the fin employment has been more influential in 

solidification than in melting. The mean power is enhanced to higher degrees 
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in solidification than in melting, as compared to the reference cases. The fins 

increase the mean solidification and melting powers by maximum 395% and 

90%, respectively, which correspond to 10% and 9% loss in the extracted and 

stored energy, correspondingly. In addition, the additional enhancement 

gained in power as the volume fraction of fins increases by increasing their 

length and number is more pronounced in solidification. The additional 

enhancement is better understood by looking at the relative enhancement in 

phase change power, as shown in Figure 61 for the horizontally oriented 

cavities as a function of the PCM packing factor. 

 

 

Figure 61 - Relative enhancement in mean power of the encapsulated PCM as 
function of PCM packing factor  

In solidification with conduction as the governing mechanism, the process is 

significantly influenced by the consistently growing thermal resistance of the 

solid PCM. The increase of the fin volume fraction and thus the heat transfer 

area, with a modest loss in the storage capacity, could reduce the PCM thermal 

resistance and improve the solidification power significantly. In constrained 

melting, the vertical fins contribute by developing the buoyancy-induced 

motions; however, the relative enhancement in the finned cases as compared 

to the reference is modest, attributed to the presence of the buoyancy-driven 

motions in the unfinned cavity as a mechanism already contributing to the 

unenhanced cases.  
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3.4 Concluding Remarks 
Observations have been made and the thermal power has been measured to 

answer the research question about the impact of fins on the phase change 

processes. The experimental analysis shows that extending the heat transfer 

surface through fins is more influential in solidification than in melting, 

reducing the solidification time by 80% and increasing the mean PCM power 

by 395%, at a cost of 10% loss in the extracted energy by the PCM. Changing 

the orientation of the cavity has an insignificant impact on the freezing rate. 

However, with incorporating fins into the cavity under a varying tilting angle, 

the progress of the solid front is locally affected, but the overall freezing rate 

is independent of orientation.  

 

The mode in melting depends on the solid PCM attachment to the 

surrounding surfaces. In real cases, a combination of both can happen at 

which the constrained melting mode shifts to the unconstrained mode, as 

melting occurs on all the surrounding surfaces due to a possible thermal 

diffusion in the component structure. 

 

In constrained melting, natural convection affects the process significantly, 

making it a relatively faster process than solidification, even in the no-fin case 

cavity. In the presence of fins, the enhancing effect of the buoyancy-driven 

structures becomes more modest. As an example of a horizontally oriented 

cavity, the total melting time has been reduced by 52% and the mean PCM 

power has been enhanced by 90% with a 9% loss in the stored energy of the 

PCM.  

 

In Close Contact Melting (CCM), conduction through the close-contacts 

governs the process and improves the melting rate considerably with respect 

to the buoyancy-induced melting. The melting time in the reference case at 

the horizontal orientation is by 42-50% shorter in CCM than that in 

constrained melting. Fin employment reduces the melting time in close-

contact and constrained melting modes by maximum 35% and 52%. In fact, 

in the horizontal orientation, as the fin volume fraction increases, the 

discrepancies in melting time in constrained and unconstrained melting 

diminishes. In this orientation during close-contact melting, fins majorly 

contribute to the early conduction-induced melting and then to the afterward 
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convection-driven melting, playing a minor role as compared to the close-

contact melting induced by the base.  

 

In melting, regardless of the movement of the solid specimen, the vertically 

oriented cavities have inferior performances as compared to the inclined ones 

or the cases oriented horizontally. This is attributed, in constrained melting, 

to the hindering of the convective structures by the finned bases and, in CCM, 

to the achieved contacts with fin surfaces with the relatively lower integrated 

temperature than that of the base and the subsequent rotational movement 

of the solid. It is perceived that long horizontal fins can mitigate the 

aforementioned effects in cavities. 

 

In CCM at tilting angles of 0° and 45°, the short fins at some stages of melting 

act as anchors, partially perturbing the close-contact and causing a decrease 

in the melting rate. In this matter, the long fins are found to be superior. At 

the end, similar results to the horizontally oriented ones have been achieved 

by tilting the cavities up to 45°. An optimum in melting time is found within 

the range of 15-30° for the reference case with no fin. 

 

Thus, when considering solidification and melting, the conclusion is that fins 

can enhance the process, at a modest loss in the energy density, with a far 

greater impact in solidification than in melting. In melting, fins have a modest 

effect in enhancing the process, with a lower impact in unconstrained mode 

than in constrained mode. Also, increasing the fins volume fraction reduces 

the performance discrepancies of the two modes. Changing the angle of 

inclination affects mainly melting, at which a superior performance can be 

accomplished for a component oriented horizontally.  
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4 Numerical Analysis of Phase Change  

Simulation of solid-liquid phase change in presence of air and modelling the 

volume change of PCM is a complicated process, requiring significant 

computational resources. Here, using ANSYS Fluent, a model is adopted 

based on the enthalpy-porosity approach. Although some models are under 

development to include density variations within the solid-liquid phase 

change [104–106],  such variations have not been included here. As a result, 

the expansion/contraction of the PCM and the associated possible 

movements of the solid specimen have not been taken into account. In this 

thesis, the numerical approach has been employed to model solidification and 

constrained melting. The simulation results are compared and validated with 

the experimental results previously presented in Chapter 3. In the following, 

finned cavities in horizontal and vertical orientations are simulated and 

compared, and finally, a detailed parametric study of fin parameters, including 

thickness and number of fins, has been carried out and dimensionless groups 

generalizing the phase change data have been obtained. 

4.1 Computational Procedure  
The continuity, momentum and energy equations governing the domain are 

expressed as below in equations 24-26: 

 

∇ · 𝑉 = 0 AEq. 24 

𝜌 (
𝜕𝑉

𝜕𝑡
+ (∇ · 𝑉)𝑉) =  𝜌𝑔 − ∇𝑃 +  μ∇2V + 𝑆 Eq. 25 

𝜌 (
𝜕𝐻

𝜕𝑡
+ ∇ · (𝑉𝐻)) =  𝑘∇2T Eq. 26 

 

The enthalpy-porosity model, proposed by Voller and Prakash [107] treats 

the solid-liquid phase change problem as a porous medium. In the model, the 

phase change region is characterized by the mushy region at which the 

porosity varies from zero to one, referring to liquid fraction in each cell. A 

source term is added to the momentum equation defined as below in equation 

27: 
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𝑆 =  −
(1 − 𝜆)2

(𝜆3 + 𝜀)
𝐴𝑚𝑢𝑠ℎ𝑦𝑉 AA Eq. 27 

 

Here, λ is the liquid fraction varying from 0 to 1 and ε is a small number to 

prevent the division by zero. When the liquid fraction is one, the source term 

is zero and the cell is treated as liquid. On the other hand, when the liquid 

fraction is zero the source term is dominant over the other terms in the 

momentum equation, and the cell is treated as solid. Amushy in the source term 

is a parameter accounting for the morphology of the porous media [107]. In 

the literature, the mushy parameter (Amushy) is set within the range of 105-108 

[88,108–110]. The liquid fraction is coupled with the energy term via equation 

28:  

 

𝐻 = ℎ +  𝜆𝐿 AA Eq. 28 

 

where H is a sum of the sensible and the latent enthalpy. The product of λL 

is the enthalpy change due to the phase-change. The sensible enthalpy is 

defined as below via equation 29: 

 

ℎ =  ℎ𝑟𝑒𝑓 + ∫ 𝐶𝑝𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓

 AA Eq. 29 

 

where href is the reference enthalpy at the reference temperature, cp is the 

specific heat capacity and T is the cell temperature. The cell liquid fraction is 

coupled with the cell temperature and formulated as below by equation 30: 

 

𝜆 =

{
 
 

 
 0                𝑖𝑓 𝑇 <  𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

 
𝑇 − 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 − 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
      𝑖𝑓

1               𝑖𝑓 𝑇 > 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 < 𝑇 <  𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 A Eq. 30 

 

As the volume change is neglected in the model, the density is considered to 

be constant. To model the buoyancy effect, boussinesq approximation has 

been employed as defined below by equation 31:   
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(𝜌 − 𝜌𝑟𝑒𝑓) =  −𝜌0𝛽(𝑇 − 𝑇𝑟𝑒𝑓) A Eq. 31 

 

where 𝜌0 is the reference density and β is the thermal expansion coefficient 

of the liquid. To solve the equations, Simple algorithm in Fluent was used to 

couple pressure and velocity. For discretization of momentum and energy 

equations a second-order upwind scheme and for pressure correction 

PRESTO! scheme was used. The first-order implicit scheme was employed 

with fixed time steps for time discretization. The time step was set to 0.05 s. 

The convergence criterion for the continuity and momentum equations was 

set to 10−5 and for the energy equation to 10−8. 

4.2 Model Validation 
The numerical model, described in section 4.1, was used for phase change 

simulations of a symmetric domain of the 5-fin/L*=0.75 case in horizontal 

orientation (see Figure 24, Table 5), with n-eicosane as the PCM. Figure 62 

(a) shows the dimensions of the simulation domain with the boundary 

conditions. Due to the symmetric conditions, only a 1/12 of the phase change 

domain in the 5-fin/L*=0.75 case was modelled with a mesh element size of 

0.5 mm. As the model does not take into account the volume change within 

the process, the PCM domain area in Figure 62 (a) corresponds to the mean 

density of the solid and liquid phases. The thermo-physical properties of n-

eicosane used in the simulations are summarized in Table 6. The properties 

of specific heat capacity and thermal conductivity were modelled for the 

intermediate temperature (in the phase change span) with linear interpolation. 

 

As discussed in Chapter 3 in sections 3.3.1 and 3.3.2, the integrated base 

temperature had a transient behavior in the conducted experiments. Thus, to 

perform the simulations according to the experiments, the measured time-

wise integrated base temperature in solidification and constrained melting was 

used as the input for the base temperature in the simulations. The transient 

integrated base temperatures, as shown in Figure 62 (b) for the solidification 

case with Tin=10 °C and T₀=40 °C and for the melting case with Tin=60 °C 

and T₀=30 °C, were incorporated into the model as inputs with User Defined 

Functions (UDF). The simulation results are compared with the experimental 
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phase change rates and the modeled phase change fronts are compared to 

those of the corresponding experimental cases. 

 

Table 6 – A summary of the thermo-physical properties of n-eicosane used in the 
simulations 

Density (kg/m3) 814 

Specific heat capacity (kJ/kg·K) 1.9 (10 °C) 
 2.32 (30 °C) 
 2.38 (40 °C) 
 2.38 (60 °C) 

Latent heat of phase change (kJ/kg) 251 

ΔTm (°C) 
ΔTs (°C) 

36.4–37.9 
34.5–36.2 

Thermal conductivity (W/m·K) 0.39 (10, 30 °C) 
 0.17 (40, 60 °C) 

Viscosity (Pa·s) 4.57E-3 (38 °C) 
 4.37E-3 (40 °C) 
 3.54E-3 (50 °C) 
 2.69E-3 (60 °C) 

Thermal expansion coefficient (1/K) 8.2E-4 

 

 
 

  
( a ) ( b )              bggggg 

Figure 62 – Simulation details; a) simulation domain and the boundary conditions, b) 

base temperatures (Tb) from the experiments used as inputs in the model 

Figure 63 compares the simulated solidification rates with a varying mushy 

parameter and the evolution of the modeled solid front with those of the 

experiment. As observed in Figure 63 (a), the variation of the mushy 
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parameter has an insignificant effect on the simulated solid fraction results. 

In terms of the overall solidification rate, a good agreement has been achieved 

with that of the experiment, with a maximum deviation of 7% at the end of 

the process. The model has been able also to track the experimental solid 

front successfully throughout the early and middle stages of the solidification 

process. However, as the volume change is neglected in the model, the void 

formed in the late stages of the experiment has not been modeled. This causes 

the simulated solid front to lag behind that of the experiment at the end of 

the process.  

 

  

  
( a ) ( b ) Amushy=108 

Figure 63 - Solidification simulation VS. Experiment at Tin=10°C and T₀=40°C; a) 
solid fraction, b) time-wise contours of solidification pattern 

In contrast to the solidification simulations, the mushy parameter has a 

considerable effect in the melting simulations. As shown in Figure 64 (a), a 

lower mushy parameter predicts a faster melting process. As the mushy 

parameter increased from 105 to 108, a slower melting rate has been obtained. 

However, increasing the mushy parameters beyond the values of 107-108 has 

an insignificant effect. In overall, the model predicts a faster melting process 

as compared to that of the experiment, with a maximum deviation of 18% in 

the melting rate with a mushy parameter of 108. Comparing the melt fronts, 

as shown in Figure 64 (b), the simulated front on the top differs considerably 

with that of the experiment, as the shaped void has not been modeled. 

Regarding the melt fronts at the bottom and the one adjacent to the vertical 

fin, it is clearly seen that the simulated interfaces progresses faster than the 

experimental ones. In overall, the presented model shows to be promising in 

solidification, in terms of predicting the solid fraction and tracking the 
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interface. On the other hand, in melting, the model predicts a faster evolution 

of melting by about 18%.  

  

 

 

( a ) ( b ) Amushy=108 

Figure 64 – Melting simulation VS. Experiment at Tin=60 °C and T₀=30 °C; a) solid 
fraction, b) time-wise contours of solidification pattern 

4.3 Phase Change Simulation In a Finned Cavity 
Using the specified model in section 4.2, phase change in the cavity specified 

in section 3.1 (see Figure 24) has been simulated and studied. First, the 

constrained melting in vertical and horizontal orientations in the presence of 

fins is studied and the effect of orientation is investigated. Afterward, a 

sensitivity analysis on the thickness of fins, missing in Chapter 3, and the 

number of vertically oriented fins is conducted and the enhancement effect is 

evaluated.  

4.3.1 Horizontal VS. Vertical Fins 
The contours of liquid fraction, temperature and velocity vectors of 

constrained melting for the 5-fin/L*=0.75 case, oriented horizontally and 

vertically, are shown in Figure 65. In these simulations, the air has been 

excluded, and the cavity is considered being filled fully with n-eicosane as the 

PCM. As expected, natural convection contributes to the constrained melting 

process in both orientations. In the horizontally oriented cavity, after the early 

stages, circular vortices adjacent to the base form concave fronts at the 

bottom, and those along the fin length induce inclined interfaces in the fin 

vicinity.  
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Figure 65 - Contours of liquid fraction, temperature and velocity vectors for the 5-

fin/L*=0.75, Tb=60 °C, T₀=30 °C; horizontal VS. vertical orientation 

In the vertically aligned cavity, the cellular vortices induced by the upper 

surface of the horizontal fins contribute to melting. Meanwhile, a portion of 

the ascending molten PCM along the base and the lower surface of fin moves 

around the fin tip and joins the cellular vortices on top, while the other 

portion descends along the adjacent solid PCM below the fin surface and 

cools down. The cellular vortices induce a larger growth of the liquid layer on 

top of the fin surfaces. In contrast to the horizontal orientation, in the vertical 

orientation, the overall buoyancy-driven motion along the finned base is 

blocked by the fins. In this case, as melting gets complete between the fins, 

the obstruction of the convective motion along the finned base degrades the 

melting rate and slows down the process. This is expected to be mitigated by 

extending the length of the horizontal fins, as relatively a larger portion of the 

solid PCM is surrounded by the fins. 
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The effects of short and long fins on the melting rate and the heat transfer 

coefficient are shown in Figure 66 and compared to the benchmark case. As 

shown, in all the finned and unfinned cases, the horizontally oriented cavity 

(θ=0°) has a superior performance than the vertically oriented one (θ=90°). 

The incorporation of half-way fins, in the case of 5-fin/L*=0.5, causes similar 

melting rates in both the horizontal and vertical orientations, until the middle 

of the process, as shown in Figure 66 (a), despite the overall slowing down of 

the convective flow along the finned base in the vertical orientation. Hence 

forward, a deviation in the vertical case (5-fin/L*=0.5, θ=90°) from the 

horizontal case (5-fin/L*=0.5, θ=0°) is observed. Extending the fin length, 

as seen in the 5-fin/L*=0.75 case, retards this deviation until the late stages 

of the process and results in a rather analogous melting rate. In a similar 

pattern in Figure 66 (b), the horizontally oriented cavities have a superior heat 

transfer coefficient as compared to their vertically oriented counterparts.  

 

  

 

Figure 66 - Simulated constrained melting in cavities oriented horizontally and 

vertically (Tb=60 °C- T₀=30 °C); a) liquid fraction, b) heat transfer coefficient  

4.3.2 Sensitivity Study of Vertical fin 
The sensitivity analysis has been conducted with n-eicosane as the PCM and 

for a symmetric domain of a vertically finned cavity with a width of 0.126 m, 

as shown in Figure 62 (a), excluding the air. The number of fins and their 
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thickness varied from 3 to 9 and from 0.5 mm to 2 mm, respectively. For the 

specified fin cases, the base temperature (Tb), set to be constant during the 

phase change, ranged from 15 °C to 25 °C and from 50 °C to 60 °C for 

solidification and melting, correspondingly. In the following, the effect of 

thickness and number of fins on the phase change time has been analyzed 

and the data has been generalized non-dimensionally for the varying 

parameters. In addition, the effect on the mean phase change power is 

evaluated and discussed.  

 

As expected and shown in Chapter 3, increasing the number of fins shorten 

the phase change time as the heat transfer area increases. Increasing the fin 

thickness also improves the fin performance in shortening the phase change 

time. This is majorly credited to the relatively smaller temperature difference 

in the thicker fins. In the thinner fins, the temperature difference is higher 

and the heat is transferred to the adjacent PCM at a lower temperature driving 

force.  

 

The phase change data for the simulated cases is generalized with 

dimensionless groups. To take into account the change in the base 

temperature, the dimensionless groups of Fo and Ste are used. The half-

distance between fins (half-thickness of the PCM layer surrounded by two 

fins) is considered as the characteristic length in calculation of Fo number. 

The product of FoSte is found to be well representing the change in the base 

temperature and bringing the data corresponding to a case with a ranging base 

temperature together, as shown in Figure 67 (a-b).  

 

In constrained melting, as natural convection plays an important role, the 

FoSte group does not generalize the base temperature effect properly. 

Instead, Rayleigh number (Ra) is employed to represent the buoyancy effect. 

FoSteRa1/8 is found to be working well in bringing the liquid fraction data of 

a case with a ranging base temperature together. In calculation of the Ra 

number, the fin length is used as the characteristic length.  

 

To account for the influence of fin thickness with respect to the surface 

temperature of the heat transfer area, a special formulation of fin efficiency is 

employed. It is argued that in the solid-liquid phase change conventional 

methods to define the efficiency do not apply as the environment around the 
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fin changes throughout the phase change process. Shatikian et al. [111] stated 

that in this case the fin efficiency could be a function of fin thickness, fin 

length and thermo-physical properties of the PCM and the fin. They define 

the efficiency in the form of exp(-C(lf/th)), where lf and th are the fin length 

and thickness, respectively, and C is a constant depending on the ratio of 

thermal conductivities of the PCM and the fin and the ratio of the fin and the 

PCM layer thicknesses. This mathematical formulation helps to take into 

account the effect of the temperature difference throughout the length of fins 

with different thicknesses in transient phase change processes. With this 

expression, for a thick and short fin the efficiency approaches unity and with 

a long and thin fin, a lower efficiency value is predicted. 

 

  

Figure 67 – Effect of the base temperature (Tb) for a case (Nf=5, th=2 mm); a) 
transient solid fraction, b) generalized solid fraction data for a combination of Fo and 

Ste 

Figure 68 (a-b) shows the solid fraction data for cases with different fin 

numbers and thicknesses and the generalized form for each fin number with 

a varying thickness. The best agreement is found with C=0.01 for the 

solidification cases and with C=0.005 for the constrained melting cases. The 

lower constant and the relatively higher fin efficiency obtained in constrained 

melting than that of solidification implies a lower temperature difference 

through the fin in the former.  

 

The effect of the number of fins and the relative ranging PCM volume 

between fins is generalized using the ratios of the symmetric domain width to 

the fin length ((lb+ th/2)/lf), representing the aspect ratio of a symmetric 
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domain. A decrease in the aspect ratio indicates an increase in the number of 

fins, as the PCM width in the symmetric domain reduces. Figure 69 (a-b) 

shows the effect of varying number of fins with different thicknesses in 

solidification and the generalized solid fraction data for each specific fin 

thickness. It is found that the dimensionless group Fo([lb+ th/2]/lf)0.8 works 

properly for generalization of the solid fraction data while the group Fo([lb+ 

th/2]/lf)1.2 represents properly the generalization of the liquid fraction data in 

the constrained melting cases. 

 

  

 

Figure 68 - Effect of fin thickness at Tb=15 °C (ΔT=21.2 °C); a) transient solid 
fraction, b) generalized solid fraction for each fin number with a varying thickness 

The overall generalizing dimensionless group can be obtained by combining 

all the groups, as specified below for solidification via equation 32 and for 

constrained melting via equation 33. The equations generalize the phase 

change fractions obtained via simulations for different fin thicknesses (0.5-2 

mm) and varying number of evenly distributed vertical fins (3 to 9) with a 

fixed length (45 mm). 

 

𝛾𝑠 = 𝐹𝑜𝑆𝑡𝑒(

𝑡ℎ
2
+ 𝑙𝑏

𝑙𝑓
)0.8𝑒𝑥𝑝 (−0.01

𝑙𝑓

𝑡ℎ
) AEq. 32 

𝛾𝑚 = 𝐹𝑜𝑆𝑡𝑒𝑅𝑎0.125(

𝑡ℎ
2
+ 𝑙𝑏

𝑙𝑓
)1.2𝑒𝑥𝑝 (−0.005

𝑙𝑓

𝑡ℎ
) Eq. 33 
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Figure 69 - Effect of fin number at Tb=15 °C (ΔT=21.2 °C); a) transient solid fraction, 
b) generalized solid fraction data for each fin thickness with a varying fin number 

Figure 70 shows the generalized simulation data in comparison with the 

experimental data from sections 3.3.1 and 3.3.2 for solidification and 

constrained melting, respectively. A good agreement is achieved with the 

experimental solid fraction data for the 5-fin/L*=0.75 case with a HTF inlet 

temperature of 15 °C and an evolving integrated base temperature throughout 

the process, as shown in Figure 70 (a).  

 

In constrained melting, the liquid fraction data for the 5-fin/L*=0.75 case 

with a HTF inlet temperature of 55 °C and an evolving integrated base 

temperature deviates by about 40% from the generalized simulation data, as 

shown in  Figure 70 (b). The considerable deviation is attributed to the 

overestimation of the convective-dominated constrained melting by the 

simulation model. Another factor is that the simulations have been performed 

with fixed base temperatures, while the base temperature in the experiment 

had a transient behavior, particularly in the early stages of the process. This 

creates an accumulative error in time for the simulations with a fixed base 

temperature, as the error of the overestimated melting at each time step adds 

to the error accumulated since the start of simulation. To eliminate this error 

from the simulation, the simulated case with the transient base temperature 

similar to the case obtained from the experiment with a HTF inlet 

temperature of 55 °C (see section 4.2) is plotted in Figure 70 (b). As seen a 
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much better agreement with a lower deviation from the experiment has been 

achieved.  

 

  

 

Figure 70 - Generalized simulation data for fixed and transient base temperature in 
comparison with the experimental data for the case 5-fin/L*=0.75; a) solidification-

Tin-HTF=15 °C, b) melting-Tin-HTF=55 °C  

The obtained dimensionless groups via simulations have been applied to the 

experimental data, from section 3.3, successfully generalizing the phase 

change data, as shown in Figure 71. 

 

In addition to generalizing the phase change data, it is interesting to compare 

the overall enhancement effect in the mean rate of heat transfer for the 

varying fin parameters. The simulated mean heat transfer rates for 

solidification and melting, with fixed base temperatures of 15 °C and 60 °C, 

correspondingly, are shown in Figure 72. Obviously, the thicker and higher 

number of fins, a higher mean power can be accomplished at a cost of a 

decrease in the PCM packing factor, with a relatively greater enhancement 

effect in solidification than in constrained melting.  
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Figure 71 - Generalized experimental phase change data for the cases 3-fin/L*=0.75 

and 5-fin/L*=0.75; a) solidification-T₀=40 °C, b) melting-T₀=30 °C 

 

Noteworthy is the superiority of the configurations with a larger number of 

thinner fins to those with a lower number of thicker ones, in achieving a 

similar order or higher mean power at a higher PCM packing factor. As an 

example, the configuration of 9-fin/th=0.5 mm (PF=96.6%) has a higher 

mean PCM power than that of 5-fin/th=1 mm (PF=96.2%) by 24% and 28% 

in solidification and melting, respectively. This indicates that the enhancing 

effect of the larger added area in the thin fins is dominant over their relatively 

higher thermal resistance.  
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Figure 72 - Sensitivity analysis of the thickness and length of the vertical fins; a) 

solidification (Tb=15 °C- T₀=40 °C), b) melting (Tb=60 °C- T₀=30 °C) 

4.4 Concluding Remarks 
The simulation results obtained by the computational model are compared 

with the experimental data from Chapter 3. Although the volume change 

within the phase change is neglected and the void formation is not modeled, 

the model can predict the progress of the solid front in a solidification process 

with a good agreement with the experiment. In constrained melting, the 

model predicts a faster constrained melting process by 18% than that of the 

experiment.  

 

The comparison of the finned cavity in horizontal and vertical orientations 

confirms the superiority of vertical fins in a horizontally oriented cavity to the 

horizontal fins in a cavity oriented vertically, in line with the observations 

from section 3.3.2. In the latter, the orientation of fins blocks the overall 
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buoyancy-driven flow along the finned base. This results in a poor 

performance, specifically when the melt front evolves beyond the fin 

proximity. Such an effect can be mitigated using fins with a longer length.     

 

The parametric study of thickness and number of fins, performed to answer 

the research question regarding the influence of different fin parameters, 

shows that using a higher number of thin fins is a better enhancing measure 

than using fewer but thicker ones, accomplishing a relatively higher mean 

phase change power at a higher PCM packing factor. Finally, overall 

dimensionless groups are obtained in solidification and constrained melting, 

generalizing the phase change data for different base temperatures and 

different number of fins with a ranging thickness. The dimensionless groups 

can be used in performing system analysis of such a LTES unit coupled with 

energy systems.  
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5 Compact Air-PCM Heat Exchangers 

Integrating PCM with air as HTF is a practical choice in various applications 

of building energy systems, including free cooling and night ventilation [112–

114]. As mentioned, the major obstacle of low thermal conductivity of the 

PCMs causes a low rate of heat transfer within the charging/discharging 

processes. The thermal performance of such a system is exacerbated further 

in cases where a HTF with low thermal conductivity like air is used. In these 

cases, depending on the HTF flow condition, the thermal resistance can shift 

from the PCM side to the HTF side. 

 

Thermal performance of LTES systems working with air as the HTF has been 

analyzed previously. Dolado et al. [115] worked on a real scale air-PCM heat 

exchanger and observed that the performance of the system improved by 

either increasing the air flow rate or decreasing the distance between the PCM 

slabs. It was pointed out that, specifically at low flow rates, the major thermal 

resistance was shifted to the HTF side. Vakilaltojjar and Saman [116] 

investigated the performance of a compact plate-PCM system and concluded 

that the performance enhanced as the air channel dimensions decreased.  

 

Marin et al. [117] studied an enhanced LTES system with graphite composite 

working with air as the HTF. It was revealed that with the benchmark case 

with pure PCM the resistances on both sides were competitive, but with the 

enhanced case, as the resistance on the storage medium side decreased 

significantly, the overall performance of the system was determined by the air 

flow conditions.  

 

Herbinger et al. [118] conducted a numerical study of an air-PCM heat 

exchanger for ventilation systems, as convection was neglected. Square 

channels of 2×2 cm2, 4×4 cm2 and 6×6 cm2 were considered as the air 

passages, with fixed air velocity at the inlet. They found that the best thermal 

performance was achieved for the smallest channels, crediting this to the 

increased heat transfer area as the dimensions of the passages reduced. 

However, in the study, the influence of variations in the heat transfer 

coefficient of air and its effect on the thermal performance was not addressed.    
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Obviously, heat transfer on the air side can be enhanced by decreasing the 

channel dimensions. Kandlikar et al. [119] show that as a channel dimension 

is lowered down to mini and micro scales, the hydraulic diameter (dh) of the 

flow passage reduces and the heat transfer coefficient increases considerably. 

However, this is accomplished at a cost of increasing the pressure drop. They 

characterizes the flow passages based on the dimensions of the hydraulic 

diameter (dh) as conventional channels for dh>3 mm, mini-channels for 0.2 

mm<dh<3 mm and micro-channels for 0.01 mm<dh<0.2 mm. In case of 

rectangular channels in addition to the reduction of the hydraulic diameters, 

the aspect ratio of the channel, defined as the ratio of the width to the height, 

influences the heat transfer coefficient of the flow.  Wibulawas [120] observed 

that, for laminar flow, the heat transfer coefficient increases with the increase 

in the aspect ratio.  

 

Based on the above, one design strategy of great interest is then to use 

rectangular mini-channels as the flow passages for low conductive HTFs, as 

it works as a dual enhancement on both the PCM and the HTF sides. On the 

HTF side, the internal mini-scale hydraulic diameter of a mini-channel has the 

potential to induce a significantly enhanced heat transfer coefficient. On the 

other side, such a channel can have a significantly high external area-to-

volume ratio, increasing the heat transfer area on the PCM side remarkably 

without a major loss in the storage capacity. Such a design reduces the thermal 

resistance on the HTF side while enhancement is being made on the PCM 

side. Thus, it may have the potential to keep the resistance on both sides 

competitive. 

 

The conventional production method for fabricating mini/micro channels is 

extrusion [121–124]. However, extrusion is a process with a rather high capital 

investment. Production of innovative prototypes with extruded channels 

includes certain manufacturing procedures such as machining, welding and 

brazing, which need to be carried out with high precision [125]. On the other 

hand, Additive Manufacturing (AM), known as 3D printing, is an alternative 

new fabrication method capable of manufacturing complex geometric 

features and bypassing many limitations associated with the conventional 

methods. This emerging production method, currently under development, 

can manufacture features, which may have been impossible with the 

conventional method of extrusion, including internal thermal enhancers. 
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Furthermore, cumbersome and expensive processes of manufacturing a heat 

exchanger with extruded channels, including machining, welding, and brazing 

procedures, could be avoided with additive manufacturing. The new method 

has the potential to facilitate the production process and fabricate the entire 

heat exchanger as a single entity with no risk of leakage. However, additive 

manufacturing itself is associated with certain disadvantages, such as a higher 

surface roughness, limited options in printing materials and a higher cost per 

part in mass productions, as compared to the conventional methods. For 

metal 3D printing, two distinct methods of Electron Beam Melting (EBM) 

and Direct Metal Laser Sintering (DMLS) are currently in use. Rastan et al. 

[126,127] showed that DMLS, using AlSi10Mg alloy as a suitable printing 

material for heat exchangers, could be a more promising method in printing 

metal prototypes, as compared to EBM, with a lower surface roughness and 

a higher precision in production. 

 

In the following, the novel idea of incorporating two types of rectangular 

mini-channels into a LTES enclosure with air as the HTF is investigated. The 

first channel is an existing profile provided by Hydro AB and manufactured 

via extrusion. The second channel is a conceptual design, capable of being 

manufactured via DMLS method. Numerical models in three dimensions are 

made, using the simulation tool presented in Chapter 4, and the thermal 

performance of the two channel types are evaluated and compared. In 

addition, the feasibility of enhancing the conceptual design with conventional 

and bifurcated fins has been assessed. With the chosen channel, parametric 

study for different inlet boundary conditions and a varying number of 

channels with different lengths has been conducted, and dimensionless 

groups generalizing the simulated phase change data have been obtained.  

5.1 Channel Descriptions  
Dimensions of the two types of mini-channels are specified in Figure 73. The 

type one channel, referred to as channel-1, is an existing product of Hydro 

Aluminum [128], manufactured through an extrusion process. The internal 

passages in this channel have hydraulic diameters of 1.63 mm and 1.59 mm 

for the middle and the side ones, correspondingly. The mini-channel type two, 

referred to as channel-2, is a conceptual design based on channel-1, with the 

potential to be manufactured by metal 3D printing methods using AlSi10Mg 
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alloy. The external area-to-volume ratio (As/Vol) of channel-2 is rather 

similar to that of channel-1, providing relatively the same external heat 

transfer area for a given volume. It has a slightly larger internal hydraulic 

diameter of 2.27 mm than channel-1, but a significantly larger aspect ratio of 

17.5 for the internal passage. The characteristics of the channels with the 

thermo-physical properties of the corresponding manufacturing materials are 

summarized in Table 7.  

 

Figure 73 - Dimensions of the studied channels; a) channel-1 (Extrusion-Al3003), b) 

channel-2 (DMLS-AlSi10Mg) – dimensions are in mm. 

Table 7 - Characteristics and material properties of the studied channels [126] 

 Channel-1 
(Extrusion-Al3003) 

Channel-2 
(DMLS-AlSi10Mg) 

Area-to-volume ratio External (m2/m3) 943 988 

Area-to-volume ratio Internal (m2/m3) 2455 1762 

Hydraulic diameter (mm) 1.63 2.27 

Density (kg/m3) 2730 2620 

Specific heat capacity (kJ/kg·K) 892 846 

Thermal conductivity (W/m·K) 162 111 

 

The benefit of channel-2 is that the thermal resistance of the internal walls, 

acting as fins, are eliminated. Also, the removal of the internal fins reduces 

the friction forces of the internal air flow and possibly a lower pressure drop 

would be expected.  
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5.2 3D Thermal Analysis 
Performing the phase change simulations in three dimensions could be 

computationally very expensive. To reduce the cost, a domain corresponding 

to a single channel, placed in a cuboid with dimensions of  0.15×0.15×0.1 m3 

and oriented vertically, as shown in Figure 74 for channel-1, has been 

considered for the three-dimensional simulations. RT22-HC, with a thermo-

physical properties summarized in Table 8, was considered as the PCM 

encapsulated in the shell. RT22-HC was chosen as its phase change 

temperature range was within temperature boundaries of a HVAC system in 

summer time.  

 

 

Figure 74 - The physical model and the three-dimensional simulation domain 

 

Table 8 - Thermo-physical property values of RT22-HC summarized from Chapter 2 

Density (kg/m3) 778 (20 °C) 
Specific heat capacity (kJ/kg·K) 4.6 (15 °C)–2.4 (30 °C) 
Latent heat of phase change (kJ/kg) 163.8 
ΔTm (°C) 
ΔTs (°C) 

20.4–23.7 
20.1–22.8 

Thermal conductivity (W/m·K) 0.14 (15, 30 °C) 
Viscosity (Pa·s) 4.07E-3 (25 °C) 
Thermal expansion coefficient (1/K) 0.00084 

 

Five and six rows of vertically oriented channel-1 and channel-2, respectively, 

were considered stacking evenly in the cuboid, while the total number of 

channels was varied by increasing the number of columns. The five rows of 

stacked channel-1 are due to limitations in brazing/welding process to 
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connect the mini-channels to the perforated plates at the front and back sides 

and the surrounding shell during the assembly process. These manufacturing 

limitations impose a condition in which the distance between the tips of the 

channels could not be below a certain value. On the other hand, there are no 

such limitations in the metal 3D printing, and a more aggressive design could 

be achieved by stacking the channels on top of each other with a 3 mm 

distance in between.  

  

A ranging number of 60 to 100 and 72 to 96 for channel-1 and channel-2, 

respectively, were simulated. In addition, as channel-2 was a conceptual 

design to be manufactured via metal 3D printing method, the possibility of 

enhancing the design with thin fins (with 0.25 mm of thickness and 3 mm of 

length) were investigated. Two types of enhanced designs with horizontally 

oriented fins on the side-walls and bifurcated fins on the tips of the channels 

were studied. Table 9 summarizes the characteristics of the investigated 

configurations. 

 

Table 9 – Simulated channel configurations for a cuboid of 0.15×0.15×0.1 m3 

 Number of channel Packing factor (%) 

Channel-1 5×12 86.8 

 5×16 82.4 

 5×20 78 

Channel-2 6×12 84.6 

 6×14 82 

 6×16 79.4 

Conventionally finned channel-2 6×12 83 

 6×14 80.2 

 6×16 77.4 

Bifurcated finned channel-2 6×12 83.8 

 6×14 81.1 

 6×16 78.4 

 

The simulations were performed with consideration of using the latent 

thermal energy system for cold storage in a HVAC application in a warm 

climate. In this concept, the system is considered to be charged in night time 

during summer and would be later on discharged during day time when the 
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ambient temperature increases. The cold storage unit could be connected to 

the HVAC system (placed in a ventilation system duct with a bypass line) and 

would be used, during cold discharging, as a pre-cooler of the incoming 

supply air. The temperature boundaries were set based on the variations of 

ambient temperature during 24 hours of a warm summer day in Lleida, Spain 

[129]. The HTF inlet temperatures were set to 30 °C and 15 °C for melting 

and solidifications, respectively, while the initial PCM temperature were set 

to 15 °C and 30 °C, correspondingly.  

 

To perform the 3D simulation phase change with laminar dry air flow as the 

HTF the following assumptions are made: 

 

- Laminar steady-state conditions 

- Incompressible dry air flow 

- Constant fluid properties along the channel length 

- Negligible effects due to viscous dissipation and radiation  

 

The total flow rate of the HTF, entering the cuboid, was changed within a 

range of 7 to 24 liter/s. The minimum flow rate was set based on the 

minimum flow rate of 0.35 liter/(s·m2) in residential ventilation systems, 

according to the Swedish building regulations [130], for a residential area of 

20 m2 (single room). Parametric study of flow rate with fixed values of 7, 12, 

16, 20 and 24 liter/s was carried out. As the number of channels were varied, 

given a constant total air flow rate, the inlet velocity of air flow per channel 

was calculated and used as the inlet boundary condition. With the simulated 

range of flow rate and the varying number of channels from 60 to 100 for 

channel-1 and 72 to 96 for channel-2, respectively, the Reynolds numbers 

have been within ranges of 250-1440 and 430-1970. 

5.2.1 Mesh Independency Analysis  
A mesh independency analysis was conducted to select the element size for 

the final grid. Initially for the internal air passage, the element size in the cross-

sectional plane ranged from 0.4 to 0.1 mm and along the channel length from 

4 to 1 mm, respectively. Figure 75 shows the pressure drop along the length 

of channel-2 for the cases 1-4 with the mentioned ranging element size. As 

observed in Figure 75, the simulated pressure drop values vary insignificantly 

from case 3 to case 4.  
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The mesh independency investigation continued for the PCM domain, with 

the air element sizes specified in case 3 and case 4. For the PCM domain, the 

element size was varied both in the cross-sectional plane and along the 

channel length, and the effects on the liquid fraction during melting were 

studied. As shown in Figure 76, the simulated liquid fraction results vary 

insignificantly with refining the cross-sectional PCM mesh size from 1 mm to 

0.5 mm. Further reducing the cross-sectional element size in the PCM domain 

down to 0.3 mm displayed no change in comparison to the element size of 

0.5 mm. Figure 77 shows the influence of decreasing the element size from 3 

to 1 mm in the axial direction for the PCM domain, having an insignificant 

effect on the liquid fraction results. In addition, changing the time-step form 

0.2 s to 0.05 s had no major influence on the results. 

 

Finally, the following element sizes were selected regarding the performed 

study. The final grid elements size, perpendicular to the air flow, were set to 

0.4 mm, 0.15 mm and 0.1 mm for the PCM, aluminum and air zones, 

respectively, as shown in Figure 78 for channel-1 and channel-2. The grid 

element size in the axial direction was set to 2 mm and the time step was fixed 

to 0.1 s. In the used meshes, the minimum orthogonal mesh quality in the 

final grid and the maximum skewness factors were 0.5 and 0.8, respectively. 

 

 

Figure 75 - Element size variation for pressure drop simulations of air flow in a single 

channel-2 and Vair = 5 m/s (Re=737) 
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Figure 76 - element size variation in cross-sectional plane for melt fraction 
simulations of channel-1 (5 × 16, PF = 82.4%, Vair = 10.1 m/s) 

 

Figure 77 - Element size variation in length for melt fraction simulations of channel-1 
(5 × 16, PF = 82.4%, Vair = 10.1 m/s) 

 

Figure 78 - Examples of cross-sectional simulation grid for channel-1 (5×16, PF = 

82.4%) and channel-2 (6×14, PF = 82%). 
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5.2.2 Channels Performance Comparison and Fin Influence 
The simulated symmetric domains of channel-1 and channel-2 have different 

dimensions in width and height. For a similar packing factor, the symmetric 

domain corresponding to the former has a longer height but a thinner width 

than those of the latter. Thus, the comparative evaluation for the two 

channels is made for cases with possibly similar overall PCM packing factors 

(PF), to have a fair performance assessment of the two channels. The liquid 

fraction contours at 30 minutes after the start of solidification and melting for 

the configurations of channel-1 with PF = 82.4% and channel-2 with PF = 

82% are shown in Figure 79, for a total inlet flow rate of 12 liter/s.  

 

 A comparison of melting and solidification processes shows that, in both 

processes, the phase change structure is growing symmetrically, indicating 

dominancy of the conduction mechanism. The phase change progress is more 

prominent on the sides of the mini-channels and weaker around the tips. 

Channel-1 experiences a rapid phase change adjacent to the side-walls, 

considering its relatively thinner PCM width, while slower phase change 

occurs around its tips. In contrast, in channel-2, phase change is happening 

more symmetrically. The phase change is continuing on the sides while it has 

been completed around the tips, given the considerably smaller distance 

between the tips (3 mm). Figure 79 illustrates also the considerable evolution 

of phase change in the axial direction for both channels, showing the 

significant HTF temperature variations along the channel length.  

 

Figure 80 shows the liquid fraction contours during melting of the 

configurations of 6×14 channel-2, the horizontally finned case with 

PF=80.2% and the bifurcated finned case with PF=81.1% in comparison 

with the unfinned channel with PF=82 %. In the case of horizontally finned 

channel-2, the fins contribute primarily to the phase change of PCM between 

the horizontal fins.  Thus, when the phase change of the PCM surrounded by 

the fins gets complete, the phase change on the corners of the domain 

continues. In contrast, the bifurcated fins contribute to a more rapid phase 

change around the tips of the channel. In all the cases, the phase change 

process evolves axially. Similar to the unfinned channels, the evolution of the 

phase change along the channel length is significant, showing a significant 

axial variation of the HTF temperature. 
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Figure 79 - Liquid fraction contours at 30 minutes after the start of phase change for 
the configurations of 5x16 channel-1 with PF=82.4% and 6x14 channel-2 with 

PF=82%; a) solidification (T₀=30 °C, Tin =15 °C and Qtotal-air=12 liter/s), b) melting 

(T₀=15 °C, Tin =30 °C and Qtotal-air=12 liter/s) 

Figure 81 shows the transient outlet HTF temperature of the minimum and 

maximum simulated flow rates and the corresponding absolute transient 

power values for 5×16 channel-1 and 6×14 finned and unfinned channel-2. 

The rather large temperature difference between the outlet and the inlet for 

both melting (Tin=30 °C) and solidification (Tin=15 °C), as shown in Figure 

81 (a-b), implies the significant axial HTF temperature variations. As the 

phase change process gets complete, the HTF outlet temperature approaches 

the inlet temperature, and the axial temperature difference diminishes. 

Increasing the air flow rate significantly reduces the axial temperature 

difference. The HTF outlet temperatures for channel-1 (PF=82.4%) and the 

unfinned channel-2 (PF=82%) is rather similar throughout the phase change, 

causing relatively equal phase change times.  
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Figure 80 - Liquid fraction contours at 30 minutes after the start of phase change for 
the configurations of 6x14 channel-2 with PF=82%, 6x14 horizontally finned channel-

2 with PF=80.2% and 6x14 bifurcated finned channel-2 with PF=81.1%; a) 

solidification (T₀=30 °C, Tin =15 °C and Qtotal-air=12 liter/s), b) melting (T₀=15 °C, Tin 
=30 °C and Qtotal-air=12 liter/s) 

Adding fins to channel-2 causes a slight change in the outlet temperature, as 

compared to the unfinned channel, and results in a modest phase change time 

reduction. In the finned configuration, with the minimum total air flow rate 

of 7 liter/s, the phase change time in melting and solidification, respectively, 

has decreased by 16% and 10% for the horizontally finned case (PF=80.2%) 

and by 5% and 5% for the bifurcated case (PF=81.1%). On the contrary, 

increasing the HTF flow rate reduces the phase change time considerably. For 

a packing factor range of 86.8% to 77.4%, varying the air flow rate from 7 to 

24 liter/s reduces the melting and solidification time by 41% to 53% and 39% 

to 53%, respectively. 
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Figure 81 - Comparison of 5x16 channel-1 (PF=82.4%) and 6x14 finned and unfinned 
channel-2 (PF=82%, 80.2% and 81.1%); (a, c) solidification Tin=15 °C, (b, d) Tin=30 

°C 

The enhancing effect of increasing the flow rate to the upper bound of 24 

liter/s in the transient power is significant, as shown in Figure 81 (c-d). This 

increase could be attributed to two major factors. The first factor is that, as 

the air flow increases, the temperature difference over the channel length 

reduces, as shown in Figure 81 (a-b) with the lower and higher outlet 

temperature for solidification and melting, respectively. This induces a higher 

temperature driving force along the channel length within the phase change. 

The second factor is that the increase in the flow rate increases the thermal 

entry length within the laminar regime, causing a higher heat transfer 
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coefficient for the simultaneously developing air flow. The considerable 

enhancement effect of the increased air flow is associated with a significant 

increase in the pressure drop. Adding fins at the minimum flow rates of 7 

liter/s has no major impact on the transient power. However, at the 

maximum flow rate of 24 liter/s, the fin enhancement is more pronounced, 

given the unfinned channel-2 as benchmark.  

 

With a varying number of channels, as both the heat transfer coefficient on 

the HTF side and the heat transfer area on the PCM side change, the averaged 

overall UA values, as an indicator taking into account the combined effect, 

are evaluated. The UA-values are calculated based on the logarithmic mean 

temperature difference between the HTF temperature at the inlet and outlet 

and the onset of phase change temperature. The transient UA-values are 

averaged over a time period when 98% phase change is achieved. Figure 82 

shows the mean UA values as functions of the PCM packing factor, where 

the markers at each packing factor in vertical direction designate the effect of 

changing the HTF flow rate. Given a constant total flow rate of the HTF 

entering the cuboid, the heat transfer coefficient on the HTF side reduces as 

the number of channels increases and the PCM packing factor reduces, but 

the mean UA value increases as shown in Figure 82. This indicates that the 

effect of the increased area is dominant over the effect of the reduced heat 

transfer coefficient.  

 

Also, with a fixed packing factor, increasing the air flow rate increases the 

mean UA value. However, this increase is more pronounced for the finned 

channels. For instance, for the configurations of channel-1 with PF=82.4%, 

channel-2 with PF=82%, the bifurcated channel-2 with PF=81.1% and the 

horizontally finned channel-2 with PF=80.2%, increasing the total flow rate 

of the HTF from 7 liter/s to 24 liter/s increases the mean UA values of 

melting by 30%, 35%, 38% and 44%, respectively. The noteworthy point here 

is that adding fins to the channels instead of increasing the number of 

channels can result in higher mean UA values, attributed to the extended 

external heat transfer area and the higher air flow per channel in the former 

case.  
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Figure 82 - Mean UA values as functions of the PCM packing factor (the markers in 
the vertical direction indicate the flow rate change in the HTF); a) solidification 

(Tin=15 °C), b) melting (Tin=30) °C  

The difference between channel-1 and channel-2 could be better understood 

by looking at the heat transfer coefficient on the air side. The heat transfer 

coefficient for the channels is obtained using equation 34, as specified below: 

 

ℎ(𝑡) =
�̇�(𝑡)

𝐴𝑠 · 𝐿𝑀𝑇𝐷𝑎𝑖𝑟(𝑡)
 

AA Eq. 34 

 

where h is the heat transfer coefficient, Q̇ is the rate of heat transfer, As is the 

internal heat transfer area and LMTD is the logarithmic temperature 

difference on the air side, calculated using equation 35, as followed: 

 

𝐿𝑀𝑇𝐷𝑎𝑖𝑟(t) =  
[𝑇𝑜𝑢𝑡,𝑤(t) − 𝑇𝑜𝑢𝑡,𝑎𝑖𝑟(t)] − [𝑇𝑖𝑛,𝑤(t) − 𝑇𝑖𝑛,𝑎𝑖𝑟]

ln
𝑇𝑜𝑢𝑡,𝑤(t) − 𝑇𝑜𝑢𝑡,𝑎𝑖𝑟(t)
𝑇𝑖𝑛,𝑤(t) − 𝑇𝑖𝑛,𝑎𝑖𝑟

 
AA Eq. 35 

 

where Tin,air and Tout,air are the air temperature at the inlet and the outlet of the 

channel, respectively, and Tin,w and Tout,w are the wall temperatures at the inlet 

and outlet, correspondingly. The mean heat transfer coefficient is obtained by 

taking the average of air heat transfer coefficient during 98% of phase change.  
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Figure 83 shows the mean heat transfer coefficient of air during melting for 

channel-1 and channel-2 configurations and the corresponding thermal entry 

lengths of the air flows (0.05dhRePr), as functions of the total flow rate 

entering the cuboid. As shown in Figure 83 (a), channel-2 has a relatively 

higher heat transfer coefficient than channel-1. This could be attributed to 

the elimination of internal wall thermal resistances, as compared to channel-

1, and a higher thermal entry length within the laminar flow regime. As shown 

in Figure 83 (b), the thermal entry length of channel-2 is longer than that of 

channel-1, due to a higher hydraulic diameter. This means that, depending on 

the flow rate, relatively a larger portion of the channel length is within the 

thermal entry region. Also, by increasing the total air flow rate, the thermal 

entry length increases, resulting in increasing the air heat transfer coefficient.  

 

  

 

Figure 83 - The mean heat transfer coefficients of air and the thermal entry lengths 
for the simultaneously developing laminar flows as a function of total air flow 

However, the higher flow rate per tube means a higher pressure drop. Figure 

84 shows the simulated pressure drop for channel-1 and channel-2 as a 

function of the total air flow rate. As observed, with the minimum number of 

channels and the highest flow per tube among the other configurations, as 

the total flow rate increases, the increase in pressure drop is significant.  This 

happens while the increase in the internal air heat transfer coefficient is 

modest. On the other hand, increasing the channels reduces the pressure drop 

significantly, by maximum 31% and 47% as the number of channel-1 
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increases from 60 to 80 and to 100, and by 17% and 30% as the number of 

channel-2 increases from 72 to 84 and to 96, respectively. Noteworthy is the 

relatively lower pressure drop of channel-2 than channel-1, as the former has 

a higher hydraulic diameter and a larger aspect ratio (with no internal walls) 

than those of the latter.  

 

 

Figure 84 - Pressure drop as s function of total air flow rate 

At the end, the final assessment for an enhancement measure, between 

choosing either to add fins to the current number of channels or to increase 

the number of channels, needs to account both the heat transfer and the 

pressure drop aspects. To incorporate the pressure drop influence into the 

assessment, a Performance Evaluation Criterion (PEC) is defined as the ratio 

of the mean phase change power to the fan work, calculated by the following 

equation: 

 

𝑃𝐸𝐶 =  
�̇�𝑚𝑒𝑎𝑛

𝑁 𝑉 𝑎𝑖𝑟𝑖𝑛𝐴𝑐 ∆𝑃
 

AA Eq. 36 

 

where N is the total number of channels, V is the air velocity in a channel, Ac 

is the cross-sectional flow area of a channel and ΔP is the pressure drop along 

the channel. The calculated PEC values are plotted in Figure 85 for the 

solidification and melting processes. 

 

With the increase in the total air flow rate, the PEC for both melting and 

solidification reduces dramatically, indicating of a more significant increase in 
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the pressure drop compared to the modest gain in the mean phase change 

power. A similar trend is seen as the number of channels reduces and the 

packing factor increases. Given a constant total flow rate, channel-2 is better 

than the channel-1, attributed majorly to the lower pressure drop. In addition, 

for the configurations of channel-2, a higher PEC can be accomplished by 

increasing the number of tubes than by adding fins. Thus, in overall and 

considering both the thermal performance and the pressure drop factors, 

increasing the number of channels is a more beneficial measure.  

 

In general, the simulation results show that there is the potential to reduce the 

pressure drop and to have a similar level of phase change performance, to 

maximize the PEC. In this matter, metal 3D printing method, as a novel 

method in rapid manufacturing and testing of conceptual designs, could be 

employed in implementing innovative features. In the future, this is expected 

to be less costly and more affordable with advancements in printing 

technologies.  

 

  

 

Figure 85 - PEC of the compact component as a function of total air flow rate; a) 

solidification (Tin=15 °C), b) melting (Tin=30 °C) 
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5.2.3 Generalization of Simulation Data 
To generalize the phase change data for the bare channel-2, simulations with 

varying boundary conditions and ranging parameters including the number 

and length of channels have been performed. A three-dimensional symmetric 

domain in a cuboid with a total cross-sectional area of 0.15×0.15 m2, as shown 

in Figure 74, was used for the simulations. In the simulations, the parameters 

of the HTF inlet temperature, the HTF inlet velocity, the number of channels 

(channel-to-PCM volume ratio) and the length of channels were varied. The 

number of channels for the mentioned cuboid with a length of 0.1 m (volume 

of 0.15×0.15×0.1 m3) was set to 60 (6×12), 72 (6×14) and 96 (6×16). For 

each set the HTF inlet temperature ranged from 15 °C to 17 °C and from 28 

°C to 30 °C for solidification and melting, respectively, and the HTF inlet 

velocity from 4 m/s to 12 m/s. To simulate the length effect, the length for 

the configuration of 72 channels (6×14) was varied from 0.05 m to 0.15 m.  

 

Similar to the analysis in section 4.3.2, dimensionless numbers of Fourier and 

Stefan, as expressed in equations 37-38, are used to represent the effect of the 

inlet temperature boundary conditions on the phase change process. 

 

𝐹𝑜 =  
𝛼𝑡

𝑑ℎ
2 

AEq. 37 

𝑆𝑡𝑒 (𝑡) =  
𝑐𝑝𝑠/𝑚𝑎𝑏𝑠(𝑇𝑖𝑛 − 𝑇𝑠/𝑚)

𝐿
 Eq. 38 

 

Here, dh is the hydraulic diameter of channel-2, used as the characteristic 

length in Fourier number, and Tin is the HTF inlet temperature used in 

calculation of Stefan number. As shown in Figure 86 (a-b) for a solidification 

case, the dimensionless group of FoSte brings the solid fraction data together 

properly, as the other parameters are fixed.  

 

On the other hand in melting, similar to the cases in sections 3.3.2 and 4.3.2, 

FoSteRa1/8 represents better the variations in the HTF inlet temperatures, 

indicating the presence of natural convection throughout the constrained 

melting processes. The Rayleigh number used in the dimensionless group for 

melting is specified in equation 39, using the hydraulic diameter (dh) as the 

characteristic length. 
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𝑅𝑎(𝑡) =  
𝑔𝛽(𝑇𝑖𝑛(𝑡) − 𝑇𝑚)𝑑ℎ

3

𝜈𝛼
 

 

Eq. 39 

 

 

  

Figure 86 - Effect of the HTF inlet temperature with Tin=15-17 °C-ΔT=5.8-7.8 °C, 
Vin=8 m/s, Nchannel=6×14, zch=100 mm); a) transient solid fraction, b) generalized 

solid fraction data for a combination of Fo and Ste 

To account for the HTF flow rate effect, Reynolds number is used. As shown 

in Figure 87, the dimensionless group FoRe0.5 generalizes the flow rate effect 

as the other parameters are fixed. Finally, to account for the channel-to-PCM 

volume ratio, the fraction of the hydraulic diameter to the PCM domain 

(dh/x) and to account the length effect the ratio of the hydraulic diameter to 

the channel length (dh/z) are considered as the non-dimensional parameters 

(for clarification in x and z see Figure 74). Figure 88 (a-b) shows that the 

dimensionless group Fo(dh/x)1.4 generalizes the effects of varying channel-to-

PCM volume ratios and Figure 89 shows that the dimensionless group 

Fo(dh/z)0.5 represents well the length effect. 

 

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

So
lid

 f
ra

ct
io

n
 (

λ s
)

Time (min)
( a )

ΔT= 5.8

ΔT= 6.8

ΔT= 7.8
0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

So
lid

 f
ra

ct
io

n
 (

λ s
)

FoSte
( b )

ΔT= 5.8

ΔT= 6.8

ΔT= 7.8



Compact Air-PCM Heat Exchangers 

 131 

  

Figure 87 - Effect of the HTF inlet velocity with Tin=16 °C-ΔT=6.8 °C, Vin=4-12 m/s , 
Nchannel=6×14, zch=100 mm; a) transient solid fraction, b) generalized solid fraction 

data for a combination of Fo and Reair 

Combining the above dimensionless groups, the overall dimensionless group 

can be obtained, generalizing the phase change data for different HTF inlet 

temperatures and inlet velocities, a varying number of channels and thus a 

ranging channel-to-PCM volume ratio and different channel lengths. The 

obtained generalizing dimensionless groups for solidification and constrained 

melting, respectively, are specified by equations 40 and 41 and the generalized 

data is shown in Figure 90.  

 

  

Figure 88 - Effect of the number of channels with Tin=16 °C (ΔT=6.8 °C) and Vin=8 
m/s, Nchannel=6×12 (x=12.5 mm) to 6×16 (x=9.4 mm), zch=100 mm; a) transient solid 

fraction, b) generalized solid fraction data  
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Figure 89 - Effect of the length of channels with Tin=16 °C (ΔT=6.8 °C), Vin=8 m/s, 
Nchannel=6×14, zch=50-150 mm; a) transient solid fraction, b) generalized solid fraction 

data 

𝛾𝑠 = 𝐹𝑜𝑆𝑡𝑒𝑅𝑒𝐻𝑇𝐹
0.5(

𝑑ℎ
𝑥
)1.4(

𝑑ℎ
𝑧
)0.5 

0.16 ≤ Ste ≤ 0.22 

595 ≤ ReHTF ≤ 1790 

0.18 ≤ dh/x ≤ 0.24 

0.015 ≤ dh/z ≤ 0.045 

 

AA Eq. 40 

𝛾𝑚 = 𝐹𝑜𝑆𝑡𝑒𝑅𝑎0.12𝑅𝑒𝐻𝑇𝐹
0.5(

𝑑ℎ
𝑥
)1.4(

𝑑ℎ
𝑧
)0.5 

0.11 ≤ Ste ≤ 0.14 

1570 ≤ RaPCM ≤ 1979 

595 ≤ ReHTF ≤ 1790 

0.18 ≤ dh/x ≤ 0.24 

0.015 ≤ dh/z ≤ 0.045 

Eq. 41 

 

  

Figure 90 - Generalized simulation data: Vin=4, 8 and 12 m/s, Nch=6×12, 6×14 and 

6×16, z=50, 100 and 150 mm; a) solidification-Tin-HTF=16 °C, b) melting-Tin-HTF=30 °C 
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5.3 Comparative Analysis 
Regarding the enhancement effect of the mini-channels, it is interesting to 

compare the enhanced air-compact PCM heat exchanger with the 

conventional fin design. In order to have a rather fair comparison the 

transient rate of heat transfer in the mentioned designs are normalized by the 

mass of PCM and the temperature driving force, as specified by equation 42.  

 

Q̇𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
�̇�

𝑚𝑃𝐶𝑀 · ∆𝑇𝐻𝑇𝐹−𝑚
 AEq. 42 

 

 

where Q̇ is the transient power, m is the encapsulated PCM mass and ΔT is 

the temperature difference between the HTF inlet temperature and the onset 

of melting. In the above equation, the thermo-physical properties of the 

encapsulated PCM and the used HTF have not been taken into account 

directly, but the overall rate of heat transfer as an integrated parameter is used 

as the indicator representing the overall thermal performance of the design. 

The method is in accordance with the comparative analysis proposed by 

Lazaro et al. [100] and König-Haagen et al. [131], with the difference that 

instead of the volume component the encapsulated PCM mass has been used. 

This is due to the fact that in the cavity case the overall volume corresponding 

to the total measured rate of heat transfer is far greater than that of the PCM. 

Thus, the PCM mass is found to be a better indicator for normalization of 

power.  

 

Figure 91 compares the normalized power in the air-PCM compact heat 

exchanger for the configuration of a cuboid with 0.15×0.15×0.1 m3 and 96 

(6×16) channels from section 5.2.2 with the normalized experimental results 

of melting in the finned and unfinned cavity  from section 3.3.3. As explained 

in section 3.3.3, the early high power for the unfinned and finned cavity cases 

corresponds majorly to the sensible energy transfer at the beginning of the 

process while the power at later stages represents the latent energy transfer. 

Considering that, as observed, the enhanced air-PCM design has been able to 

achieve a heat transfer rate similar to that of the constrained melting in the 

unfinned cavity. Increasing the air flow rate and enhancing the heat transfer 

further on the air side improves the overall rate of the enhanced design to a 

greater extent and makes it competitive to those of the close contact melting 
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in the unfinned cavity and the constrained melting in the vertically finned 

cavity.   

 

 

Figure 91 - Comparative analysis of normalized transient melting power: Vertically 
finned cavity - 5-fin/L*=0.75 (Qwater=1 liter/min, ΔT=23.6 °C) VS. air-PCM heat 

exchanger enhanced with channel-2-6×16 (Qair=7,24 liter/s, ΔT=9.6 °C) 

5.4 Concluding Remarks 
To answer the research questions regarding the incorporation of flat-shaped 

mini-channels into a LTES as internal air passages, two channel types, 

referred to as channel-1 and channel-2, are studied numerically. The channels 

have different internal hydraulic diameters and aspect ratios while having 

almost similar external area-to-volume ratios.  

 

The results show that the dominant factor enhancing the phase change 

performance is the increase in the external heat transfer area as the number 

of channels increases. Given a fixed total HTF flow rate, as the number of 

channels increases, the increase in the external heat transfer area is dominant 

to the decrease in the HTF heat transfer coefficient, increasing the total UA 

value. Increasing the flow rate improves the mean UA value in both melting 

and solidification. For instance, for channel-1 with PF=82.4%, channel-2 

with PF=82% and finned channel-2 with PF=80.2%, the mean UA value of 

melting increases by 30%, 35% and 44% as the total flow rate of the HTF 

increases from 7 liter/s to 24 liter/s, respectively. 
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Comparison of channel-1 and channel-2 for a rather similar packing factors 

shows that the difference in the air heat transfer coefficient has a minor effect 

on the mean phase change powers and the mean UA values. On the other 

hand, increasing the air flow improves the rate of heat transfer significantly in 

all the configurations. In this matter, although the heat transfer coefficient of 

air is increased because of an increase in the flow rate the major contribution 

is induced by the lower axial variations of the HTF temperature and the higher 

temperature driving force for the phase change.  

 

Extending the heat transfer area by fins to the cases of channel-2 achieves a 

modest enhancement in the mean UA value by 15-31% for the simulated 

configurations. However, in comparison to using fins to extend the heat 

transfer area, increasing the number of channels is a better option, 

accomplishing the same goal while reducing the pressure drop of the HTF. 

As minimizing the fan power for the charging/discharging processes is a 

crucial matter, the lower pressure drop of channel-2, as compared to channel-

1, makes it more beneficial in storing/extracting thermal energy at a lower 

cost. This points to an optimization possibility in terms of thermal 

performance and pressure drop in compact air-PCM heat exchangers. 
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6 Conclusions and Future Work 

Solid-liquid phase change of two organic PCMs within two particular designs 

has been studied in this thesis. A summary of the results of the investigation 

as well as suggestions for further work are presented here. 

6.1 Summary of The Results 
Phase change of n-eicosane in a finned rectangular geometry under a varying 

tilting angle has been studied experimentally and numerically. The 

experiments have been conducted to visualize the phase change processes, 

including solidification and melting, constrained as well as unconstrained, in 

the presence of fins.  

 

The observations show that fins contribute to a relatively higher degree of 

enhancement in solidification than in melting. As an example, the mean PCM 

power during solidification is enhanced by 395%, at a cost of 10% loss in the 

extracted energy, while the power in constrained melting is augmented by 

90% with a 9% loss in the stored energy. This is majorly attributed to the 

presence of buoyancy-driven motions in constrained melting prior to the 

incorporation of fins as a measure to improve the thermal performance. 

 

In melting, the close contact achieved by the movement of the solid specimen 

improves the process. The conduction through the narrow gap within the 

close contact is a more effective melting mechanism than the natural 

convection. Hence, the melting times in the unconstrained mode with no fin 

enhancement are reduced by 42-50%, as compared to those of the 

constrained mode. This indicates that achieving close-contact during melting 

improves the process considerably with no loss in the storage capacity.  

 

In a horizontally oriented cavity, incorporation of vertical fins contribute to 

induce multiple convective structures in constrained melting with no 

suppressive effect. On the other hand, in unconstrained melting, as the solid 

specimens descend and a major share of melting is induced by the base of the 

cavity, fins have a more modest enhancing effect, mainly in the early stages 

of the process. Even, in the case of short finned cavity, they do work as 

anchors holding the solid specimen and perturbing the close contact with the 
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base. The comparison of the different melting modes in the finned cavities to 

the reference cases in horizontal orientation shows that the degree of 

enhancement in the unconstrained melting is lower than in the constrained 

melting, with a maximum shortened melting time by 35% in the former as 

compared to a maximum saving time by 52 % in the latter.  

 

The variations in the tilting angle shows no major change in the overall rate 

of solidification, however, the progress of the solid front is locally affected. 

On the other hand, in melting, the orientation of the cavity shows to have 

major influences. In fact, regardless of the movement of the solid specimen, 

the vertically oriented cavities have inferior performances as compared to the 

inclined ones or the cases oriented horizontally.  

 

In constrained melting, this is attributed to the hampering of the convective 

structures by the finned bases. Particularly, in the vertically oriented cavity, as 

the melting progresses beyond the fin length, the blocked buoyancy-driven 

motion along the finned base induces an inferior melting rate and a prolonged 

process. In the unconstrained melting, the inferior melting rate in the vertical 

orientation is induced by the relatively lower integrated fin surface 

temperature, as compared to that of the base, and by the eventual lost contact 

due to the rotational movement of the solid at the late stages. It is perceived 

that long horizontal fins can mitigate the aforementioned effects in cavities. 

In the inclined cavities, the positive effect of the close contact by the fins in 

addition to that of the base, however, with a lower integrated surface 

temperature, causes a similar performance in terms of melting time as 

compared to that of the horizontal orientation (θ=0°) up to a tilting angle of 

45°. 

 

Based on the observations, a model neglecting the volume change has been 

made and the results in solidification and constrained melting have been 

validated using the experimental observations. The model shows a promising 

result in modeling the solidification but predicts a faster constrained melting 

by 18%. Using the numerical model and conducting a sensitivity analysis of 

the fin parameters in a horizontally oriented cavity, dimensionless groups 

have been derived generalizing the phase change data with different boundary 

temperatures and varying number of fins with different thicknesses. The 



Conclusions and Future Work 

 139 

dimensionless groups have been applied to the experimental data, successfully 

generalizing the experimentally derived phase change data. 

 

With the simulation model, the novel idea of coupling flat-shaped mini-

channels with LTES systems and using them as internal air passages to induce 

a double enhancement on the air and the PCM sides is investigated. The 

results show that the dominant factor in enhancing the UA value within the 

phase change is the increase in the external heat transfer area as the number 

of channels increases, however, given a fixed total flow rate, the air flow per 

tube decreases.  

 

Also, the results show that increasing the air flow reduces the resistance on 

the PCM side and improves the overall thermal performance. This is achieved 

at the cost of a significantly higher pressure drop. Regarding the pressure drop 

as a critical parameter, increasing the number of channel is found to be a more 

beneficial enhancing measure than adding external fins to the mini-channels, 

since simultaneously it increases the external surface area and reduces the 

pressure drop per tube.   

 

6.2 Concluding Remarks and Future Work 
This thesis contributes to observing and analyzing the solid-liquid phase 

change in a comprehensive approach, visualizing both solidification and 

melting, constrained as well as unconstrained, in a specific geometry. It is 

shown in this work that fins can be relatively more effective in solidification, 

where natural convection is absent, than in melting. Also, it is observed that 

achieving close-contact during melting induces a rather similar level of 

enhancement as do fins in a constrained melting case, with the benefit of 

having no loss in the storage capacity. In addition, in case the close-contact 

condition in a rectangular enclosure being heated by all the sides is achieved, 

tilting the enclosure by 15° could be an effective measure to maximize the 

enhancement.  

 

The performed simulations in this study, neglecting the volume change during 

phase change, show that the used commercial tool can predict the phase 

change process with a certain degree of error. Thus, developments in 
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modeling tools and numerical research in achieving a better prediction of the 

phase change process and in modeling of other phase change aspects, 

including the volume change and the movement of solid PCM, are indeed 

required. However, as numerical research is going on, further observational 

research using a variety of PCMs in different geometries, to expand and 

deepen the understanding of the phase change process, is highly in demand.   

 

In this work, with a conceptual design of mini-channels manufactured via 

metal 3D printing as a novel manufacturing method, the pressure drop in the 

compact heat exchanger design is lowered considerably. Further research to 

maximize the thermal performance and minimize the pressure drop is in need 

to facilitate the commercialization of such an idea. In this regard, metal 3D 

printing facilitates a rapid prototyping and testing of new designs.  

 

In addition, the concept of incorporating mini-channels into LTES 

enclosures could be investigated for other applications with different HTFs 

rather than air. The replacement of conventional finned tubes in a shell and 

tube component by flat-shaped mini-channels with high area-to-volume 

ratios and the distribution of channels to achieve an optimized phase change 

are matters of interest. In this case, there is the potential to extend the surface 

area on the PCM side without experiencing a thermal resistance within the 

extended surface. The idea could be studied also as an alternative to other 

enhancement methods, such as metal foams, with the advantage of 

eliminating the temperature gradient within the metal network.  

 

In the next step, the investigated designs including the compact component 

need to be coupled to relevant applications and analyzed to calculate and 

estimate the energy saving potentials. In this matter, dimensionless 

correlations can contribute to the analysis of the energy systems coupled with 

a LTES unit. Since the latent heat transfer constitutes the major share of the 

transferred energy in LTES, deriving dimensionless groups to estimate the 

phase change rate in a transient phase change process is an essential aspect in 

designing such a component and performing an energy system analysis.  

 

In this thesis, this is achieved through the combination of experimental and 

numerical approaches. Although the numerical model neglects the very 

important aspect of volume change and predicts the phase change with a 
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certain degree of error, it contributes to conducting an extended sensitivity 

analysis of fin parameters. The performed numerical study on parameters 

missing in the experiments in this thesis makes it possible to derive non-

dimensional groups of parameters, generalizing the phase change data and 

summarizing the performance of the fins. The dimensionless groups need to 

be further expanded in future research for other geometries and a more 

diverse group of PCMs. Such dimensionless groups are extremely helpful as 

they contribute to estimating the phase change fraction and to designing 

enhanced heat exchangers. Furthermore, future correlations obtained based 

on these groups are useful in performing system analysis evaluations and in 

assessing the transient performance of a PCM heat exchanger coupled to an 

energy system. 
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