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a b s t r a c t 

The use of metallic periodic structures was considered for melting rate enhancement of a phase change 

material (PCM) contained in a rectangular enclosure isothermally heated from the side. The critical (op- 

timized) cell size, or pore size, of a periodic structure with fixed porosity, realising the shortest melting 

time by maximizing the convection and conduction heat transfer rate into the PCM, was studied. Further- 

more, the effects of material properties (copper, aluminium, nickel, and stainless steel), enclosure length, 

wall-melting temperature difference and porosity were numerically investigated. It was observed that in- 

creasing porosity and/or reducing thermal conductivity enlarged the critical cell size (i.e. the optimal cell 

size that minimizes the melting time). The critical PPIs (pores per inch) of copper and aluminium peri- 

odic structures for all studied porosities were 10; for nickel, the critical values were 10 PPIs for porosity 

values of 0.75, 0.8 and 0.85 while it reduces to 5 PPI for the highest porosity considered here being 0.95. 

Interestingly, showing a different trend, the critical PPI of stainless-steel structures was 5 for the lowest 

porosity (0.75) and reduced to 3 for higher porosities. The results clearly demonstrated localised melting 

which was observed in all periodic structures except for the 10 PPI stainless-steel case. Scattered melt- 

ing islands are observed as opposed to a moving interface when φ= ( d p /L ) 
√ 

αligament / αPCM 

> 1 . For such 

cases, localized melting occurs and the PCM is melted at the ligaments away from the heated wall before 

the melt front reaches those ligaments. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Latent heat thermal energy storage (LHTES) systems, utilizing 

olid-liquid phase change materials (PCMs), have many industrial 

pplications, such as concentrated solar power (CSP) [1] , electronic 

evices [2] , thermal management of buildings [3] and electric vehi- 

les [4] . Taking advantages of its high latent heat of fusion and low 

emperature variation during operation makes LHTES systems very 

opular. However, the poor thermal conductivity of most PCMs de- 

eriorates the heat exchange rate [5] . Heat transfer enhancement 

echniques for PCM systems are therefore required to accelerate 
Abbreviations: CFD, computational fluid dynamics; CSP, concentrated solar 

ower; HTF, heat transfer fluid; PCM, phase change material; PPI, pores per inch; 

RESTO!, pressure staggering option; QUICK, quadratic upstream interpolation for 

onvective kinematics; SIMPLE, semi-implicit method for pressure linked equation; 

S, stainless steel; LHTES, latent heat thermal energy storage. 
∗ Corresponding author. 

E-mail addresses: chunrong.zhao@uq.edu.au (C. Zhao), K.hooman@TUDelft.nl 

(K. Hooman) . 
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017-9310/© 2022 Elsevier Ltd. All rights reserved. 
he charge and discharge process of LHTES systems [6–8] , which 

an be classified into three categories, that is, enhancing PCM con- 

uctivity, extending heat transfer surface area and improving pro- 

ess uniformity [9] . The second type consists mainly of brazing 

ighly conductive fins, porous matrices and additively manufac- 

ured periodic structures to the heated surfaces, e.g. the pipe wall 

ontaining the heat transfer fluid (HTF). These practices stretch nu- 

erous fast heat transfer paths into the PCM while the segmented 

CM size is crucial since it closely relates to the enlarged heat ex- 

hange area by these pathways. 

For finned-PCM systems, the fin number (or spacing) can be 

quivalent to the size of compartmentalized PCM if the fin length 

nd volume percentage are fixed. They were extensively investi- 

ated and optimized for different-shaped PCM containers, for in- 

tance, rectangular or tubular enclosures. For a rectangular tank 

eated from the top side, Levin et al. [10] numerically optimized 

 PCM-based heat sink with internal fins to cool down electronic 

evices. Fixing the fin length, the optimized fin number densities 
ere obtained for different fin volume fractions. Once the fin num- 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123107
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.123107&domain=pdf
mailto:chunrong.zhao@uq.edu.au
mailto:K.hooman@TUDelft.nl
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123107
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Nomenclature 

A mushy zone constant, kg/(m 

3. s) 

c p specific heat, J/(kg . K) 

d f ligament diameter, m 

d p pore (cell) diameter, m 

g gravitational acceleration, m/s 2 

h specific enthalpy, J/kg 

h sf latent heat of fusion, J/kg 

H enclosure height, m 

k thermal conductivity, W/(m 

. K) 

L enclosure length, m 

P Pressure, Pa 

Ra Rayleigh number, defined as gβ( T w 

− T m 

) H 

3 / αν
t time, s 

T temperature, K 

u, v, w superficial velocities in x , y and z directions, m/s 

Greek letters 

α thermal diffusivity, m 

2 /s 

β thermal expansion coefficient, 1/K 

γ liquid phase fraction 

ε porosity 

μ dynamic viscosity, Pa . s 

ρ density, kg/m 

3 

σ computational constant 

Subscripts 

eff effective 

l liquidus 

ref reference 

s solidus 

w wall 

er density increased beyond 0.2 fins/mm, it was found that the 

umber of fins per unit system width was insignificant while the 

n length and volume percentage were significantly affecting the 

ritical time, which was the time required for the interface temper- 

ture to reach the maximum allowable temperature. For a basally 

eated rectangular enclosure, Kalbasi et al. [11] studied the opti- 

um vertical fins number in PCM-based heat sinks. Different pa- 

ameters including the enclosure height, fin thickness and input 

eat fluxes were investigated to determine the optimal number of 

ns, which was eventually corelated as N opt = [ L/ ( d f + d p , opt ) − 1 ] . 

ote that L denoted the length of PCM enclosure and the opti- 

al fin spacing ( d p,opt ) was a function of the enclosure height, fin

hickness ( d f ) and heat flux. It concluded that the optimal fin num- 

er density could decrease if increasing fin thickness and enclosure 

eight and/or reducing heat fluxes. For a rectangular PCM with lat- 

ral heating, Sharifi et al. [12] numerically studied the effect of fin 

pacing and fin length ( L f ) on the melting rate enhancement and 

hus raised two distinct stages, rapid (conduction-dominant) and 

low (convection-dominant) melting regimes, for the entire dura- 

ion of melting. It turned out that the transition point was when 

he melt front reached the fin length, therefore, a longer L f led to a 

igher percentage of rapid regime, thus a faster averaged melting 

ate. As for a vertically-oriented tubular PCM, Yang et al. [13] nu- 

erically investigated melting enhancement using annular fins un- 

er fixed fin volume ratio (2%) and fin length ( L f = 10 mm), where

n increased fin number was associated to smaller fin thickness 

nd compartmentalized PCM size. The simulated results indicated 

hat the melting time was firstly diminished from approximately 

200 s to 3200 s when the fin number augmented from 3 to 31. 

ubsequently, increasing the fin number from 31 to 43 led to an in- 

reasingly elongated melting time to around 40 0 0 s and the value 
2

f melting time kept unvarying afterwards for the fin number en- 

arged from 43 to 67. On the other hand, for a horizontal tubu- 

ar container, Zhao et al. [14] numerically investigated effects of 

n number density on melting rate enhancement under constant 

n-to-PCM volume ratio within a horizontally oriented annular en- 

losure. The simulated results suggested that the melting time ex- 

ibited a parabolic trend as fin number density increased and the 

ptimal fin number density was 16, which shortened the melting 

ime by over 60%, compared to the pure PCM case. Moreover, other 

ne-tuning strategies (for example, elongating fin length and nar- 

owing down fin spacing at the lower part) only provided limited 

urther melting rate enhancements while the tree-like branching 

ns inversely elongated the melting time. To summarize, for fin 

echnology, increasing fin number (or reducing fin spacing) could 

esult in a faster melting rate until reaching an optimized value, 

eyond which the melting rate kept approximately constant or 

lightly reduced. 

With regards to porous matrix inserts, heat is predominantly 

onduction-driven transferred for the duration of melting due to 

heir tiny pores and high thermal conductivity, where the pore 

ize is always insensitive to melting rate enhancement. However, if 

he convection heat transfer is not negligible, an appropriate pore 

ize should be sought in order to maximize the melting rate. Lafdi 

t al. [15] experimentally studied melting in a rectangular enclo- 

ure heated from the left side and reported that the heater surface 

emperature of low porosity foams (with same 10 PPI, pores per 

nch) can be comparatively lower than the higher porosity ones 

ue to the greater conduction. For the same porosity, 93.7%, foams 

ith larger pore sizes resulted in slightly lower heater surface tem- 

erature because of stronger convective heat transfer. The authors 

uggested to obtain an optimal value of porosity and pore size for 

aximum utilization of both conduction and convection effects. 

undarram et al. [16] performed simulations of PCM infiltrated mi- 

rocellular metal foams where the pore size was less than 100 μm 

nd investigated the effect of porosity and pore size on melting en- 

ancement. The simulated results indicated that for a fixed poros- 

ty, a smaller pore size could lead to a lower temperature at the 

eat source for a longer period of time and the effect can be more 

ronounced at higher heat generation rate and lower conductive 

ooling conditions. Specifically, the net effective thermal conduc- 

ivity of a PCM microcellular metal foam composite could be dou- 

led by decreasing the pore size from 100 μm to 25 μm. Dinesh 

t al. [17] used a geometry creation model to investigate the effects 

f pore size variations/distributions (0.5 cm < r < 1.0 cm, 1.0 cm 

 r < 1.5 cm and 1.5 cm < r < 2.0 cm) on melting rate improve-

ent by keeping the bulk porosity constant. The simulation results 

howed that the pore size distribution could strongly affect the 

elting rate. Moreover, it was reported that smaller pores resulted 

n faster melting and higher heat transfer rates for both low and 

igh porosity systems, where cascaded porosity foam [18] may be 

n interestingly alternative solution. Parida et al. [19] further stud- 

ed the effect of convection on melting enhancement, especially for 

ifferent pore sizes. Three different pore size ranges (3-4 mm, 4- 

 mm and 5-6 mm) were investigated for a constant porosity of 

0%. The simulated results indicated that convection played a ma- 

or role for larger pore size systems and the overall melting time 

educed with increasing pore size at first and then decreased with 

urther increased pore size due to the contribution of convective 

eat transfer. 

While fins or foams offer benefits particular to their design, 

any novel PCM-based thermal enhancers in-between macro- 

copic fins and microscopic porous foams have been devised 

hanks to advances in additive manufacturing, for instance tree- 

ike branching fins and periodic structures. Pizzolato et al. [20] de- 

igned high-conductivity fins for shell-and-tube TES units with a 

opology optimization approach. The simulated results showed that 
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Fig. 1. Melting time variation versus PPI with or without natural convection. 

m

c

f

fi

d

r

d

t

[

s

e

[

i

f

s

t

p

w

t

a

s

e

2

t

f

e

c

h

e

m

t

t

m

r

s

v

c

[

s

c

t

c

i

t

l

i

t

p

p

t

[

i

F

W

a

h

r

e

a

n

b

t

p

v

t

e

m

a

i

I

c

t

s

f

currents. 
elting and solidification could be enhanced remarkably through 

onvection by employing well-engineered fins with specific design 

eatures while the optimized fin layouts for melting and solidi- 

cation can be fundamentally different. Righetti et al. [21] con- 

ucted experiments for the melting intensification using 3D pe- 

iodic structures with different cell size (10, 20 and 40 mm) un- 

er the same porosity. It was found that the 10 mm sample had 

he least charging time, compared to the other two. Opolot et al. 

22] investigated the effects of wall thermal contact resistance for 

uch geometry and offered theoretical and numerical results to 

valuate and minimize the thermal contact resistance. Zhao et al. 

23] numerically studied the effects of pore density of a 0.9 poros- 

ty periodic structure on the PCM melting time reduction for dif- 

erent ligament materials (copper, aluminium, nickel, and stainless 

teel). Two different trends of the melting time curves with respect 

o PPI, i.e., monotonical decline and parabolic, were reported de- 

ending on the material (enhancer) properties. The critical cell size 

ith respect to melting time minimization were ascertained, and 

he critical value for stainless steel under considered settings was 

pproximately 3-5 PPI, while it was 10 PPI for the copper periodic 

tructure. Nevertheless, the underlying mechanism leading to the 

xistence of a critical cell size has not been unveiled. 

. Critical cell size 

With a certain porous foam, scholars tend to incorporate addi- 

ional techniques, such as heat pipe [24] and nanoparticles [25] , 

or further heat transfer augmentation. However, it makes perfect 

ngineering sense to optimize a designed porous matrix instead of 

ombining a sub-optimal design with an extra heat transfer en- 

ancement system. Pizzolato et al. [26] developed a general math- 

matical framework for multi-scale topology optimization of multi- 

aterial structures that can be utilized for LHTES design. Using 

he framework, the authors obtained various optimized metal ma- 

rix and macroscopic fin layouts for single material constraint, and 

acroscopic and microscopic layouts of metal matrices configu- 

ations for multiple materials with controllable subdomains and 

tructures. The main defect, however, is that effect of natural con- 

ection is not considered due to high computational cost, which 

an lead to a very different melting behaviour and performance 

 27 , 28 ]. In fact, irrespective of enhancer configurations, optimal fin 

pacing of straight fins, optimal pore size of porous matrices and 

ritical cell size of periodic structures are all directed to the op- 

imized distances between adjacent conducting pathways, where a 

limax of combined heat transfer rate for the entire period of melt- 

ng can be realized by fine-tuning the interplay between conduc- 

ion and convection heat transportation. The missing part in the 

iterature is to identify pertinent parameters and investigate their 
3 
mpacts on the heat transfer performance so that an optimised sys- 

em can be designed regardless of the enhancer and PCM material 

roperties. Hence, this paper is presented to fill this gap using a 

reviously developed periodic structure model [23] . 

Generally, as the cell size of the periodic structure reduces, 

he conduction effects are enhanced until reaching a critical value 

 29 , 30 ], beyond which conduction heat transfer is only marginally 

mproved. This manifests in a melting time curve shown in 

ig. 1 (a) which is valid for a pure conduction heat transfer system. 

ith most of the PCM systems, however, both natural convection 

nd conduction heat transfer mechanisms are present. Convection 

eat transfer always loses ground in smaller cells partly because of 

educed permeability. Moreover, a uniform cell temperature weak- 

ns natural convection in a cell which is driven by a local temper- 

ture (liquid density) difference. With larger less conductive cells, 

onetheless, a more non-uniform temperature is anticipated, and a 

igger mass of liquid gets to circulate and convect the heat across 

he cell. These trends are different from the one expected for a 

urely conducted system. Hence, incorporating both natural con- 

ection and conduction can result in a very different heat transfer 

rend depending on the cell size and conductivity of the thermal 

nhancer (cell walls). Basically, with increasing PPI, the curve of 

elting time can show a parabolic trough, followed by a plateau 

s schematically demonstrated in Fig. 1 (b). 

The relative significance of convection, compared to conduction, 

s crucial to the occurrence of two different melting time patterns. 

f natural convection is comparatively negligible, the critical PPI 

an be determined using Fig. 1 (a). Otherwise, one can ascertain 

he critical PPI value by considering Fig. 1 (b). Under such circum- 

tances, a larger cell size (smaller PPI), relating to a lower manu- 

acturing cost, can be obtained through the following strategies: 

1) Improving convection. For an isothermally laterally heated PCM 

box, the length of PCM container matters. According to [31] , 

the heat is mainly conducted into the PCM before the melt 

front reaches HRa −1 / 4 
H 

, thereafter, the melt front advance is dom- 

inantly by convection. This indicates that elongating enclosure 

length can be a good option, by which natural convection can 

account for more percentages to completely melt the PCM. 

Likewise, another possible way is to modify the orientation of 

the PCM tank. 

2) Degrading conduction. Lowering the thermal conductivity of 

periodic structure ligaments that could lift the relative signif- 

icance of convection, thus resulting in a smaller critical PPI. 

3) Using both strategies. Increasing the porosity impairs conduc- 

tion by reducing extended surface area, meanwhile, it can also 

slightly enhance convection due to thinner obstacles for liquid 
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Table 1 

Thermophysical properties of the considered PCM and periodic structure materials [23] . 

PCM Cu Al Ni SS 

Density ρ (kg/m 

3 ) 860 8978 2719 8900 8030 

Thermal conductivity k (W/m 

. K) 0.2 387.6 202.4 91 16.27 

Specific heat c p (J/kg . K) 2000 381 871 460.6 502.48 

Thermal expansion coefficient β (1/K) 0.001 

Dynamic viscosity μ (Pa . s) 0.03499 

Melting point T m (K) 354.15 

Latent heat L (J/kg) 176000 

Fig. 2. Schematic of the computational domain for the physical model [23] . 
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Moreover, altering thermal boundaries (e.g. increasing wall tem- 

erature), can upgrade conduction and convection, thus, leading to 

 uniformly valid critical cell size of the periodic structure for given 

ells. Therefore, in the present study, critical cell sizes under differ- 

nt periodic structure properties (thermal conductivity and poros- 

ty) are numerically ascertained. Then, effects of enclosure param- 

ters and thermal boundaries on shifting values of critical cell size 

re investigated. Our investigation led to observation of a scatted 

elt front for some cases which is different from a continuous one 

eported in the literature. We observe that for given combination 

f materials and cell sizes, the PCM can be locally melted before 

he moving melt front reaches that spot. This has not been publicly 

eported before and we present a theoretically-driven criterion for 

ccurrence of localized melting in presence of periodic structures. 

. Problem description 

.1. Physical model 

The considered physical model has dimensions of H × L × d p , 

here H = L = 25.4 mm, as shown in Fig. 2 . The periodic struc-

ure metal wire net has been uniformly embedded in the PCM, 

hich is used as a thermal enhancer for augmenting the PCM 

elting/solidification rate. RT-82 is adopted as the PCM while dif- 

erent materials for the periodic structure are considered here be- 

ng: copper, aluminum, nickel, and stainless steel, with the thermo- 

hysical properties listed in Table 1 . As seen, stainless-steel offers 

he lowest thermal conducitivy among the four materials consid- 
4 
red here. However, it is resistant to corrosion (when submerged 

n a salt tank for high temperature thermal energy storage) and 

an work at such high tempertures (around 800 K) without suffer- 

ng from creep unlike other metals considered in Table 1 . Despite 

he low condcutivity value, a SS periodic structure still spreads the 

eat and breaks the PCM into smaller volumes which will melt 

aster. The choice of SS for a high tmeperature application is justi- 

ed considering a balance between longevity, cost, safety, and fast 

eponse for a storage tank in a concentrating solar thermal (CST) 

lant [32] . 

As illustrated in Fig. 2 , there are three geometrical parameters 

o describe the periodic structure: porosity ( ε), ligament thickness 

 d f ), and cell diameter ( d p ). To facilitate simulations, the cross- 

ection of the ligament is considered as a square. Therefore, the 

elative porosity of this periodic structure is approximated as 

 − ε = 3 ( 
d f 
d p 

) 2 − 2 ( 
d f 
d p 

) 3 (1) 

here the second term in the right-hand side is used to eliminate 

he overestimation of intersections. As seen, for the considered pe- 

iodic structure, the three above-mentioned geometrical parame- 

ers are interdependent. 

.2. Governing equations 

In order to simplify the numerical simulation, one can assume 

hat the melted PCM motion across the periodic structure is in- 

ompressible laminar flow due to buoyancy-induced natural con- 

ection, where the density variation is modelled using the Boussi- 

esq approximation. The governing equations using the enthalpy- 

orosity technique that account for conservations of mass, momen- 

um ( x , y and z directions) and thermal energy of the PCM can be

xpressed as 

∂u 

∂x 
+ 

∂v 
∂y 

+ 

∂w 

∂z 
= 0 (2) 

(
∂u 

∂t 
+ u 

∂u 

∂x 
+ v 

∂u 

∂y 
+ w 

∂u 

∂z 

)

= μ

(
∂ 2 u 

∂ x 2 
+ 

∂ 2 u 

∂ y 2 
+ 

∂ 2 u 

∂ z 2 

)
− ∂P 

∂x 
− A 

( 1 − γ ) 
2 

γ 3 + σ
u (3) 

(
∂v 
∂t 

+ u 

∂v 
∂x 

+ v 
∂v 
∂y 

+ w 

∂v 
∂z 

)

= μ

(
∂ 2 v 
∂ x 2 

+ 

∂ 2 v 
∂ y 2 

+ 

∂ 2 v 
∂ z 2 

)
− ∂P 

∂y 
− A 

( 1 − γ ) 
2 

γ 3 + σ
v (4) 

(
∂w 

∂t 
+ u 

∂w 

∂x 
+ v 

∂w 

∂y 
+ w 

∂w 

∂z 

)

= μ

(
∂ 2 w 

∂ x 2 
+ 

∂ 2 w 

∂ y 2 
+ 

∂ 2 w 

∂ z 2 

)
− ∂P 

∂z 
− A 

( 1 − γ ) 
2 

γ 3 + σ
w 
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f

+ ρgβ( T − T ref ) (5) (
∂h 

∂t 
+ u 

∂h 

∂x 
+ v 

∂h 

∂y 
+ w 

∂h 

∂z 

)
= k 

(
∂ 2 T 

∂ x 2 
+ 

∂ 2 T 

∂ y 2 
+ 

∂ 2 T 

∂ z 2 

)
(6) 

here u , v , and w are superficial velocities in x , y and z direc-

ions, respectively, which can be calculated from ( u, v , w ) superficial = 

( u, v , w ) actual . “γ ” denotes the liquid fraction in a numerical ele- 

ent that can be expressed as 

= 

⎧ ⎨ 

⎩ 

0 , T ≤ T s (solid phase) 

( T − T s ) / ( T l − T s ) , T s < T < T l (mushy zone) 

1 , T ≥ T l (liquid phase) 

(7) 

here T s and T l are solidus and liquidus temperature, respectively. 

he third term at the right-hand side of Eqns.(3)-(5), the Carman- 

oseny term, is adopted as a momentum sink at the mushy region 

ollowing Ref. [33] . σ is a small number (here equal to 0.001) to 

revent division by zero. A is the mushy zone constant to describe 

he damping rate of the morphology of mushy zone. A proper 

alue should be chosen [ 34 , 35 ] and this paper adopts 10 5 kg/(m 

3. s)

imilar to Ref. [23] . 

In Eq. (6) , “h ” is the specific enthalpy defined as the sum of the

ensible and latent heat: 

 = h ref + c p (T − T ref ) + γ h s f (8) 

here the h ref is the reference enthalpy at the reference tempera- 

ure T ref (300.15 K). 

For the metallic struts of the periodic structures, the thermal 

nergy equation is 

∂T 

∂t 
= α

(
∂ 2 T 

∂ x 2 
+ 

∂ 2 T 

∂ y 2 
+ 

∂ 2 T 

∂ z 2 

)
(9) 

.3. Boundary conditions 

Initially, the solid PCM composite is kept at a constant and uni- 

orm temperature (300.15 K). The left wall temperature remains 

onstant and uniform (363.15 K) while the top, bottom, and right 

alls are adiabatic and the front and back planes are modelled as 

ymmetry planes. 

.4. Numerical details 

Numerical simulations in the present study are conducted us- 

ng a commercially available computational fluid dynamics (CFD) 

oftware package, FLUENT 19.2. The governing equations are dis- 

retised by the finite volume method with a 3D double precision 

olver. The SIMPLE algorithm is used for pressure-velocity coupling 

hile the PRESTO! scheme is implemented for pressure correction. 

 fully implicit scheme is used for transient terms while the con- 

ective terms are linearized using the QUICK-type scheme and the 

econd order central differencing scheme is used to approximate 

he diffusive terms. 

Numerical grids are produced by the ICEM software. Here, the 

6k grids system with 0.2 s time step size are used in this study 

ased on the independence analysis of grid resolution (46k, 190k, 

nd 1597k) and time step size (0.1 s, 0.2 s, and 0.3 s). The current

umerical model of periodic structures embedded in the PCM has 

een successfully validated in Ref. [23] . 

. Results and discussion 

.1. Effect of periodic structure properties 

As described, for the same PCM, ligament material properties 

nd porosities of the periodic structures could affect the critical 
5

PI. Hence, for a fixed (0.75) porosity, different ligament materi- 

ls (copper, aluminium, nickel, and stainless steel) with thermal- 

iffusivity-ratios ( αligament / αPCM 

= 974.5, 735, 190.9 and 34.7) are 

tudied for four different cell sizes (PPI = 3, 5, 7 and 10). Keeping 

he PCM-periodic structure enclosure identical, three more poros- 

ty values ( ε = 0.8, 0.85 and 0.95) of periodic structures are then 

xtensively examined. 

.1.1. Liquid fraction 

The temporal variations of liquid phase fraction of 0.75, 0.8, 

.85 and 0.95 porosity for different PPIs and ligament materials 

uring melting are displayed in Fig. 3 (a)-(d), respectively. 

For the rows in Fig. 3 , such as (a) for 0.75 porosity, the effect

f PPI has been reported in four subfigures regarding different lig- 

ment materials. In the Cu subfigure, the melting rate elevates as 

he value of PPI increases from 3 to 10 and different PPI curves are 

istinguishable. As thermal-diffusivity-ratio ( αligament / αPCM 

) falls, 

ll curves are progressively bundled, where curves of PPI = 5, 7 

nd 10 are well-agreed in the Ni subfigure and all curves con- 

erged for stainless-steel cases. The underlying mechanism relates 

o the interplay between weakened convection and intensified con- 

uction, as the cell size of the periodic structure diminishes (PPI 

ncreases). Once the PPI is fixed, as the thermal-diffusivity-ratio 

educes, the convection strength remains unchangeable while the 

onduction capability is weakened. For the copper-based periodic 

tructure of all PPIs, the confined PCM is seemingly conduction- 

ike melted for the entire melting duration. This means a larger 

PI is preferred for a quicker melting rate (see Fig. 1 (a)). As the

ligament / αPCM 

contracts, the conduction heat transfer ability wors- 

ns, and the invariant convection significantly stands out. There- 

ore, for a low thermal-diffusivity-ratio PCM-periodic structure sys- 

em, different PPI curves are unified, and one needs to seek an ap- 

ropriate PPI to achieve the highest combined heat transfer rate 

see Fig. 1 (b)). A similar phenomenon has been detected in other 

ows in Fig. 3 (b)-(d) for different porosities. 

For each column of Fig. 3 , using the same material, the poros- 

ty is only variable, which increases from 0.75 to 0.95 downwards. 

enerally, increasing the porosity of a periodic structure (fixing 

aterial and PPI) enfeebles the conduction due to the reduced 

eat transfer surface area with thinner ligaments, meanwhile, the 

onvective heat transport capability gets strengthened, owing to 

lightly enlarged permeability. As such, for each column, different 

PI curves gradually converge as the porosity increases and the 

henomenon becomes more profound for inferior thermal diffusiv- 

ty materials, e.g., nickel. By contrast, stainless-steel figures exhibit 

n opposite tendency: instead of convergence, curves are increas- 

ngly diverging at the large liquid fraction portion as the porosity 

urges. This indicates that, for the entire duration of melting within 

he stainless-steel periodic structures, a lower PPI is preferred since 

onvection heat transfer is comparably dominant. 

One explicit finding is that higher PPIs always lead to a shorter 

elting time for copper structures despite of porosities; for the 

tainless-steel periodic structure, it is insensitive to PPI for the 

ow (0.75) porosity while lower PPIs are more effective when the 

orosity is high. 

.1.2. Melting time 

For the same mass of PCM, the melting time when the PCM 

ompletely melted can be used to fairly assess the averaged melt- 

ng rate. For the studied cases, the mass of PCM are different for 

arious porosity but, for the same porosity, one can confidently 

ompare the melting time in terms of different PPIs. Note that the 

elting time of pure PCM without any inserts (100% porosity or 

PI = 0) is around 10k second [23] . Fig. 4 shows the melting times

n terms of PPI for different periodic structure materials under dif- 

erent porosities. 
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Fig. 3. Liquid fraction evolutions for different ligament materials under various porosities (a) 0.75; (b) 0.8; (c) 0.85 and (d) 0.95. 
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As seen in Fig. 4 , the monotonical decline trend (see Fig. 1 (a))

s found for copper- and aluminium-based periodic structures, for 

ifferent porosities. One finds that, for 0.95 porosity aluminium 

eriodic structure, PPI = 7 and 10 scenarios have almost identical 

elting times (horizontal red dot-dash line), indicating the natural 

onvection starts to be significant and the improved conduction ca- 

ability is nearly equivalent to the devitalized convection. One pre- 

icts the curve of 0.95 porosity becomes parabolic (see Fig. 1 (b)) if 

he thermal-diffusivity-ratio continues to drop, and it is validated 

y the nickel structure results, where 5 PPI is the best scenario 

ith 2956 s. 

Distinguishably, for the stainless-steel periodic structures, the 

elting time curves for all porosity sizes display a parabolic trend. 

he underlying reason for such a phenomenon is associated with 

he limited conducting enhancement due to the low thermal- 

iffusivity-ratio of stainless steel. Herein, a lower PPI (larger cell 
6 
ize) can be beneficial on reducing the melting time by taking ad- 

antage of convective heat transport. 

To summarize, one observes that higher porosity prolongs the 

elting period, but the extension time ratio is not the same 

hen the thermal-diffusivity-ratio reduces (Cu to SS). More im- 

ortantly, Fig. 5 shows the critical PPI as a function of porosity 

nd thermal-diffusivity-ratio for the considered enclosure. As seen, 

or copper- and aluminium-made periodic structures, the criti- 

al PPI is equal to (or larger than) 10 for 0.75 to 0.95 porosi- 

ies. As for nickel periodic structures, the optimal PPI is still 

0 for 0.75, 0.8 and 0.85 porosities, however, the value reduces 

o 5 PPI for the 0.95 porosity scenario. For SS, the critical PPI 

f 0.75 porosity is 5 while it reduces to 3 PPI (or less) for a

igher porosity. Overall, increasing porosity or lessening thermal 

iffusivity of the periodic structure could lead to a lower critical 

PI. 



C. Zhao, M. Opolot, M. Liu et al. International Journal of Heat and Mass Transfer 195 (2022) 123107 

Fig. 4. The melting times versus PPI for different ligament materials for different porosities (a) 0.75; (b) 0.8; (c) 0.85 and (d) 0.95. 

Fig. 5. Critical PPI as a function of porosity and thermal-diffusivity-ratio. 

7 
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Fig. 6. Liquid fraction contours with streamlines and maximum velocities of PPI = 3 and 10 under 0.95 porosity cases made of stainless steel (upper two rows) and copper 

(lower two rows) for different time instants. 
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.1.3. Localized melting 

To further understand the impacts of cell size (PPI) and the 

hermal-diffusivity-ratio on melting rate enhancement, liquid frac- 

ion contours of 0.95 porosity periodic structures on the mid-XZ 

lane are displayed in Fig. 6 for various time instants. 

The first two rows are stainless steel periodic structures for PPI 

 3 and 10 at 120 0 s, 240 0 s, 360 0 s, 480 0 s, and 60 0 0 s, re-

pectively. As shown, only one convective roll appears during the 

rocess and the melt layer advances in the transverse direction, 

losely similar to pure PCM melting behaviours for the 10 PPI case. 

ocalised melted PCM adjacent to the ligament that is right to the 

elt front can be found in the 3 PPI case as the time progresses.

owever, the localised melting (LM) phenomenon is just visually 

bserved and a possible appropriate definition of its occurrence 

s that the heat spreads through the periodic structure network 

uickly enough, so that there exists, at least, a periodic structure 

osition, where the temperature equals to melting point, is ahead 

f the primary melt front at any instant during the entire melting 

rocess. 

The definition designates that the thermal-diffusivity-ratio is a 

ey parameter. From the viewpoint of heat transfer, two kinds of 

elting behaviours can be found: if the thermal-diffusivity-ratio is 

ery low ( αligament / αPCM 

→ 1 ), melting happens in stages (similar 

o pure PCM [31] ). On the other extreme, however, when the ra- 

io is sufficiently high ( αligament / αPCM 

→ + ∞ ), the temperature of 

ntire periodic structure immediately rises up to that of the wall 

nd the PCM is anticipated to melt uniformly and simultaneously 

cross the whole region. Nonetheless, the diffusivity ratio falls be- 
8 
ween these two extremes and one can expect localized melting. 

hat is, the PCM can be melted, at the ligaments, away from the 

eated wall and before the melting front reaches them. Hence, the 

iquid fraction contours show non-zero values as patchy spots or 

slands surrounded by solid PCMs while a melting front originating 

rom the heated wall approaches them. While this phenomenon, 

ocalized melting, has been observed experimentally, there is no 

riterion to predict its occurrence for a period structure. Hence, we 

ffer a sim ple model based on two distinct time scales. One is for 

he heat to diffuse through the storage tank and the other one is 

or a volume of PCM to melt. The former can be shown to follow 

 1 ∼ L 2 / αligament (10) 

This is the time it takes for heat to diffuse from the heated wall, 

aking a pass to the other end of the tank ( L ) after increasing the

igament temperature. Note that heat can be diffused through ei- 

her the ligaments or the PCM but as the ligaments offer a much 

ower thermal resistance, the time scale for diffusion through lig- 

ments is shorter compared with that of the PCM. If this time 

cale is shorter than that of melting front movement, then local- 

zed melting (at the vicinity of the ligaments understandably) is 

nticipated. 

The second time scale is defined as that of melt front move- 

ent. For us to ascertain that, we need to follow the heat path 

rom the wall. The PCM is now divided to smaller volumes filling 

ells. Melt front is formed when a cell parallel to the heated wall 

s melted. The time it takes for heat to melt this cell volume is ap-

roximated as the time heat is diffused in the whole cell bringing 
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Fig. 7. Melt fraction (left) and temperature (right) contours of the YZ plane at x = 8.47 mm when liquid fraction equals to 0.1, 0.2 and 0.3 for stainless-steel (top) and copper 

(bottom) periodic structures of 0.95 porosity and PPI = 3. 
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Table 2 

Localised melting (LM) with respect to αligament / αPCM and φ

for different materials. 

Material SS Ni Al Cu 

αligament / αPCM 34.7 190.9 735 974.5 

3 PPI φ 1.96 4.61 9.04 10.41 

LM Yes Yes Yes Yes 

10 PPI φ 0.59 1.38 2.71 3.12 

LM No Yes Yes Yes 

s

k

c

n

c

m

m

t

r

l

p

f  
t to a higher (melting) temperature. This diffusion time is given 

y 

 2 ∼ d 2 p / αPCM 

(11) 

These two time scales show a comparison between heat trans- 

er across the ligaments and melting at the heated wall; hence the 

atio 

 1 / t 2 < 1 (12) 

hich can indicate that heat penetration through the ligaments 

s faster than melting within a cell; hence localized melting. The 

bove can be rearranged to read 

M may occur when φ = 

d p 

L 

√ 

αligament 

αPCM 

> 1 (13) 

As expected, for stainless-steel periodic structures, the φ values 

f 3 PPI and 10 PPI scenarios are 1.96 and 0.59, respectively, which 

re consistent with the aforementioned observation. 

For the two rows in the bottom of Fig. 6 , the liquid fraction con-

ours of the copper periodic structure cases with streamlines and 

aximum velocities are presented. More profound localised melt- 

ng is found for five different time instants, say 180 s, 360 s, 540 s,

20 s, and 900 s, owing to the very short thermal response time of 

he periodic structure. Note that the local melted PCM size almost 
9 
tops enlarging after 720 s while the volume of left melted PCMs 

eeps increasing. This phenomenon can be explained that, for lo- 

alised melting, conduction is the dominant heat transfer mecha- 

ism, owing to lower temperature difference and small localised 

avity size, while the convective heat transfer at the left main 

elted region can be relatively prevalent as melted PCM puddles 

erged. Table 2 shows the localised melting (LM) with respect to 

hermal-diffusivity-ratio ( αligament / αPCM 

) and φ for different mate- 

ials. 

For the 0.95 porosity 3 PPI periodic structures made of stain- 

ess steel and copper, Fig. 7 illustrates the melt fraction and tem- 

erature field contours of the YZ plane at x = 8.47 mm for liquid 

raction equals to 0.1, 0.2 and 0.3. Similar to Fig. 6 , one could de-
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Fig. 8. Schematic of ligament positions of periodic structures under 0.95 porosity and 3 PPI (a) and their temperature evolutions (b) for stainless steel (the upper row) and 

copper (the lower row) materials. 
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ect the localised melting in the copper periodic structure for dif- 

erent liquid fraction values, which is absent in the stainless-steel 

ase. On the other hand, a high local temperature difference be- 

ween ligament and PCM is found in the copper periodic structure 

ase, while local thermal equilibrium is found in the stainless-steel 

ase. 

To further demonstrate localised melting, the ligament tem- 

erature should be examined. Herein, different ligament locations 
10 
ithin the mid-XZ plane, corresponds to Fig. 5 , of 0.95 poros- 

ty and 3 PPI periodic structures are schematically presented in 

ig. 8 (a). As seen, A-1, A-2, A-3 and A-4 are located at the first

olumn from bottom to the top. Likewise, the second column uses 

-1, B-2, B-3 and B-4 while C-1, C-2, C-3 and C-4 are within 

he third column. Temperature difference ( �T = T - T m 

) evolutions of 

hese measurement points are displayed in Fig. 8 (b) for stainless 

teel and copper, respectively. 
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Fig. 9. Melting time over n versus PPI for a computational size with nL length 

( n = 1, 2 and 3) of 0.95 porosity copper periodic structures. 
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For the stainless-steel (the upper row of Fig. 8 (b)), one ob- 

erves that: 1) the divergence of curves emerges once the ligament 

xceeds the melting temperature and, for the same column, the 

emperature of higher position is higher, indicating the significant 

pwards convection. The underlying mechanism is that the hot- 

er melted PCM moves up to the top, narrowing down the tem- 

erature difference between the ligament and liquid phase PCM 

t higher positions. This will deteriorate the local heat exchange 

ate and thus lead to more thermal energy accumulating in the 

ocal ligament, resulting in a higher temperature. 2) Before melt- 

ng, curves of second (B) and third (C) columns converge well. This 

eans that there is a uniform thermal penetration rate in the hori- 

ontal direction through the ligament network, despite of the non- 

arallel melt front. 3) The T - T m 

values of A-1, B-1 and C-1 are

ery close to zero for the entire duration of melting, which reflects 

he existence of a time-consuming “shrinking solid” regime which 

annot be eradicated with the presence of stainless-steel periodic 

tructures. 

As for copper, in the lower row of Fig. 8 (b), the pattern of

urves differs. First, curves of three columns agree with each other 

omparably well during melting, especially for the third one (C- 

 to C-4), which indicates the absence of convection nearby. This 

orresponds well with the equivalent melted PCM cavity size near 

he ligaments of the third column, shown in Fig. 6 . A detailed look

eveals that curves of A-1 to A-4 diverge apparently after 720 s, 

s well as B-1 to B-4 curves, which indicates that, in the main 

iquid phase PCM reservoir, convection heat transfer still accounts 

or some weights. Second, most temperature differences of three 

olumns are higher than zero, which correspond to localised melt- 

ng. 

.2. Effect of tank parameters 

Upon the completion of determining critical cell size for various 

eriodic structure properties within a fixed container, the cell size 

alue could be modified by manipulating tank parameters. Hence, 

he enclosure length and orientation are then further investigated. 

.2.1. Enclosure length 

The enclosure length is another vital parameter for a laterally 

eated PCM box. As the enclosure elongated, more percentages of 

CM lie in the convection-dominant region and the critical cell size 

nlarges. In this section, based on 0.95 porosity copper periodic 

tructures, more numerical cases of enclosures with doubled and 

ripled lengths, respectively, are computed. Fig. 9 shows the melt- 

ng times divided by n with respect to PPI, where the enclosure 

ossesses the length of nL ( n = 1, 2 and 3). 

Trends of melting time curves evolve as the enclosure length 

ncreases, in detail, from monotonical decline to the parabolic 

rend. Note that, as the enclosure length further increases, it seem- 

ngly converts to monotonical increase while, in fact, it is still 

he parabolic trend since the melting time of pure PCM (PPI ap- 

roaches zero) is much higher. The melting times for PPI of 3, 5, 7 

nd 10 are 3482.2 s, 3195.6 s , 3298.8 s and, 3370.2 s, respectively,

or the 2 L -enclosure and 6270.8 s, 6544.6 s, 7109 s and 7375 s,

espectively, for the 3 L -enclosure. Hence, the critical cell sizes of 

he 0.95 porosity copper periodic structures are 10 PPI for the L - 

nclosure, 5 PPI for the 2 L -enclosure and 3 PPI (or less) for the 3 L -

nclosure, which corroborates again that a longer enclosure leads 

o a lower critical PPI (or a larger critical cell size). 

Furthermore, the liquid fraction contours of 0.95 porosity cop- 

er periodic structures with 2 L in length on the mid-XZ plane for 

PI = 3 and 10, respectively, at 720 s, 1440 s, 2160 s, and 2880

 are exhibited in Fig. 10 . For 3 PPI showed in the left column

f Fig. 10 , the primary liquid PCM reservoir affected by the left 

eated wall indicates the presence of natural convection as the 
11 
op portion of liquid-solid interface melts faster at 720 s. The lo- 

alised melted PCMs that is adjacent to local ligaments are found 

nd sizes of those independent melted PCMs are diminished along 

he x direction resulting from the decreased ligament temperature. 

s the melting progresses, the convective roll enlarges with merg- 

ng localised melted PCM reservoirs and the convective heat trans- 

er contribution becomes more significant. One could find that the 

urvature of the melt front of the primary melted PCM reservoir 

s comparably distorted due to the emergence of localised melted 

CMs. 

By contrast, the right half of Fig. 10 demonstrates the melt front 

dvances and streamlines of melted PCMs for the 10 PPI case. It is 

ound that the solid-liquid interface is nearly straight and parallel 

t 720 s and its top part just melts quicker slightly as time pro- 

resses. Compared to PPI = 3, the melt fronts are smoother but 

lurred. 

.2.2. Enclosure orientation 

As aforementioned, adding weights of convective heat transfer 

an lower the critical PPI. The effect of enclosure orientation is 

ubsequently examined since it also modifies the strength of nat- 

ral convection. For the 0.95 porosity copper periodic structure, 

op and basal heating with the same wall temperature were im- 

lemented. The top heating scenario undoubtedly has the weak- 

st (nearly zero) strength of natural convection due to thermal 

tratification. Basal heating owns the strongest natural convection 

ince it doesn’t have the “shrinking solid” regime [31] , compared to 

he lateral heating. The time scale of the “shrinking solid” regime 

ccounts for approximate 1 / ( 1 + l/L ) [27] in comparison with the 

omplete melting time, where “l ” is the length of the remaining 

CM solid. One can estimate that, for a same PCM enclosure, the 

elting time of lateral heating is about two times longer than 

hat of basal heating, which has been experimentally validated by 

amkari et al. [36] . 

Fig. 11 displayed the melting time versus PPI for top, lateral, 

nd basal heating. One observes a trend of monotonical decline for 

ll three curves. These curves merge well once PPI > 7, which in- 

icates the natural convection within the entire enclosure is inhib- 

ted. Quantitively, the melting times of PPI = 3, 5, 7 and 10 are 

776 s, 1196.6 s, 1026.4 s and 939 s, respectively, for top heating, 

hile the values are 1395 s, 1052.2 s, 1006.8 s and 931.6 s, re- 
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Fig. 10. Liquid fraction contours with streamlines and maximum velocities of PPI = 3 (left) and 10 (right) for the 0.95 porosity copper periodic structures with 2 L in length 

for different time instants. 

Fig. 11. The melting time versus PPI for different orientation heating of 0.95 porosity copper periodic structures. 

12 
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Fig. 12. Melting time versus PPI for different temperature difference ( T w - T m ) of 0.95 porosity copper periodic structure. 
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pectively, for the bottom heating scenario. Compared to the lateral 

eating curve, the curve of basal heating is less steep for the scope 

f PPI = 3 and 7, which implies the trend of curve may transform

o parabolic fashion if the natural convection is strengthened. But 

or the present studied cases, purely altering the enclosure orien- 

ation cannot adjust the critical PPI. 

.3. Effect of thermal boundaries 

Another parameter to be examined is the wall temperature. 

ote that the temperature difference ( T w 

- T m 

) cannot only affect 

he convection strength, but it also influences the conduction heat 

ransfer in the same way. Based on the 0.95 porosity copper peri- 

dic structure, two more wall temperatures ( T w 

- T m 

= 2 K and 20

) are numerically simulated. 

The melting times of three different wall temperatures ( T w 

- 

 m 

= 2 K, 9 K and 20 K) versus PPI are reported in Fig. 12 . It is

ound that the slope of the 2 K curve is relatively sharper while the 

lope lessens as the wall temperature increases. Quantitively, the 

elting times of PPI = 3, 5, 7 and 10 are 6286 s, 4536. 2s, 4007.6

 and 3703.8 s, respectively, for a 2 K temperature difference while 

hey are 796.2 s, 541. 4 s, 493 s and 467 s, respectively, for T w 

-

 m 

= 20 K. The simulated results indicate that the optimal cell size 

annot be altered through varying wall temperatures. 

. Conclusions 

In this work, the critical cell size of a periodic structure, which 

s used as the thermal enhancer for PCM melting, is numerically 

tudied. By definition, the critical cell size relates to thermal op- 

imisation with melting rate enhancement while, for the present 

tudy, the critical cell size could generate the least melting time for 

 constant mass of PCM. Generic analysis was initially carried out 

o clarify possible relevant parameters, which consist of porosity 

nd material properties of periodic structures in a given enclosure 

nd the enclosure length. Effects of porosities (0.75, 0.8, 0.85, and 

.95) and materials (copper, aluminium, nickel, and stainless-steel) 

f periodic structures for a fixed-length ( L = 25.4 mm) enclosure, 

nclosure length ( L, 2 L and 3 L ), enclosure orientation (top, lateral, 

nd basal heating) and wall temperature ( T w 

- T m 

= 2 K, 9 K and 20

) were numerically investigated. It was found that 
13 
1) The incorporation of periodic structure can change the melt- 

ing sequences of PCM, where a high thermal-diffusivity- 

ratio between ligament and PCM could lead to localised 

melting behaviour, where its occurrence may exist if 

φ= ( d p /L ) 
√ 

αligament / αPCM 

> 1 . 

2) For a fixed enclosure of PCM-periodic structure system, increas- 

ing porosity and/or reducing thermal conductivity (or thermal- 

diffusivity-ratio) of the periodic structure enlarges the critical 

cell size (or lower the critical PPI). In particular, the critical 

PPIs of copper- and aluminium-made periodic structures for all 

studied porosities are 10; for nickel, the critical values are 10 

PPIs for 0.75, 0.8 and 0.85 porosities while it becomes 5 PPI for 

the 0.95 porosity. The critical PPIs of stainless-steel structures 

are 5 for the 0.75 porosity scenario and 3 for higher porosities. 

3) Elongating the length of a PCM-periodic structure enclosure 

will lead to a lower critical PPI. For the investigated 0.95 poros- 

ity copper periodic structure, the critical cell sizes are 10 PPI 

for the L -enclosure, 5 PPI for the 2 L -enclosure and 3 PPI (or

less) for the 3 L -enclosure, respectively 

4) Varying the orientation or wall temperatures cannot modify ef- 

fectively the critical cell size for the considered periodic struc- 

tures. 

In a nutshell, implications of periodic structure properties, en- 

losure parameters and thermal boundaries on critical cell size 

ave been clearly clarified. The results can serve as a guideline for 

he design of relevant periodic structures while it can be also ex- 

ended to other thermal enhancer configurations used in LHTES, 

hereby accelerating the commercial uptake of intermittent renew- 

ble energies. 
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