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a b s t r a c t 

This paper reports the results of an experimental and numerical study on the thermal performance of a 

metal foam based composite phase change material (PCM) heat sink cylindrical in shape with porosity 

and PPI (pores per inch) density gradients. Studies are conducted on different configurations of compos- 

ite PCM made of an open-cell aluminum metal foams with porosities of 0.9, 0.94 and 0.97 and PPI of 

8, 14 and 20 encapsulated with n-eicosane as the PCM. Experiments are carried out on the PCM heat 

sink heated from the bottom for different configurations of metal foams with a uniform porosity and 

non-uniform porosity created with layer wise arrangement of metal foams from the bottom to the top. 

Complementary three-dimensional numerical simulations have been conducted using the enthalpy poros- 

ity methodology with a non-thermal equilibrium model to understand the melting and solidification dy- 

namics of PCM while melting (charging) and solidification (discharging) respectively. Heat sink configu- 

rations with uniform porosity, and porosity gradient created with bi-layer arrangement of metal foams 

have been simulated numerically. Further, the numerical simulations have been extended to study heat 

sink configurations containing metal foams with uniform PPI density and PPI density gradient. From the 

results, it is seen that the case of non-uniform variation in porosity (decreasing from the bottom to the 

top) with constant PPI density and the case of non-uniform PPI density (increasing from the bottom to 

the top) with constant porosity show superior performance up to 28 and 45% over the heat sink config- 

urations with uniform porosity and PPI density respectively in the charging cycle in terms of the time to 

reach a setpoint temperature. From the numerical simulations, it is seen that the melt fraction of PCM 

significantly changes the convection velocity cells, which affects the melting dynamics of PCM. Additional 

numerical simulations have been conducted on PCM heat sink with non-uniform porosity (i.e. decreasing 

porosity from the bottom to the top) and non-uniform PPI density (i.e increasing PPI density from the 

bottom to the top) gradients created with three layers (tri-layer) of metal foams. The results show that 

the PCM heat sink with non-uniform porosity and non-uniform PPI density gradients created with tri- 

layer metal foams have almost the same performance as a bi-layer metal foam with enhancement ratio 

up to 4 and 4.4 times respectively over the base line case (i.e. PCM heat sink without metal foams). In 

the discharging cycle, it is seen that the porosity and PPI gradients do not have any effect on the thermal 

performance of the heat sink. 

© 2020 Elsevier Ltd. All rights reserved. 

1. Introduction 

Phase change materials (PCMs) have become a promising option 

in passive thermal management of electronic devices. The incorpo- 

ration of a phase change material in a heat sink helps control the 

device temperature for longer periods of time due to high latent 
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heat of PCM [1] . Despite high latent heat, PCMs suffer from a low 

thermal conductivity (~0.2 W/m.K). Hence, researchers have been 

exploring the use of thermal conductivity enhancers (TCE) such 

as the use of fins, mixing of nano particles with the PCM, honey 

comb inserts and metal foams to enhance the heat diffusion into 

the PCM for effective exploitation of the latent heat of the PCM [2–

5] . Metal foams as a TCE have continuous high conductivity metal 

paths and voids to encapsulate the PCM in them. Hence, the use of 

metal foams as TCE helps maintain high metal to PCM contact area 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120454 
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Nomenclature 

a interfacial surface area, (1/ m ) 

C inertial coefficient, (1/ m ) 

c p specific heat at constant pressure, ( kJ / kg.K ) 

d diameter, ( mm ) 

g gravitational acceleration, ( m / s 2 ) 

h interfacial heat transfer coefficient, ( W / m 2 K ) 

I current, ( A ) 

K permeability, ( m 2 ) 

k thermal conductivity, ( W / m.K ) 

l latent heat capacity, ( kJ / kg ) 

P power, ( W ) 

Pr Prandtl Number 

p pressure, ( N / m 2 ) 

Re Reynolds Number 

T temperature, ( o C ) 

t time, ( s ) 

U velocity vector, ( m / s ) 

u, v, w velocities in the x,y and z directions, ( m / s ) 

V voltage, ( V ) 

Z mushy zone constant 

α thermal expansion coefficient, (1/ K ) 

β liquid fraction 

χ tortuosity coefficient 

δ constant 

ε bulk porosity 

φ enhancement ratio 

µ dynamic viscosity, ( kg / m s ) 

ρ density, ( kg / m 3 ) 

σ uncertainty 

eff effective 

f fiber 

k characteristic length 

l liquidus 

mf metal foam 

p pore 

s solidus 

for effective heat transfer to the PCM. Qu et al. [6] , experimentally, 

studied the performance of a hybrid heat sink with metal foam 

PCM composite and top surface fins. From this study, the au- 

thors concluded that either a metal foam with low porosity or a 

metal foam with high pore density lowers the heater temperature. 

Lafdi et al. [7] carried out experimental investigations on a com- 

posite PCM metal foam with different porosities and pore sizes. 

They observed faster melting rates of PCM in low porosity and 

high pores per inch (PPI) metal foams due to faster conduction of 

heat through metal foams. Chen et al. [8] , experimentally and nu- 

merically, investigated the melting of PCM in a metal foam at a 

pore scale level. From their investigations, they concluded that (i) 

the conduction of heat in a metal foam plays an important role 

in the melting of the PCM and (ii) metal foam enhances the con- 

duction in PCM by resisting the flow of liquid PCM. Atal et al. 

[9] , experimentally and numerically, studied the effect of poros- 

ity of metal foam with PCM on the shell side in a shell and tube 

heat exchanger, and concluded that the enthalpy porosity method- 

ology shows good agreement with the experimental results. The 

metal foam with lower porosity showed faster melting rate due to 

high effective thermal conductivity. Xiao et al. [10] measured and 

theoretically calculated the effective thermal conductivity of com- 

posite PCM and metal foams for different porosity metal foams. 

The authors concluded that the thermal conductivity of a compos- 

ite metal foam PCM is significantly enhanced over the pure PCM. 

Zheng et al. [11] performed experimental studies on the melting 

of PCM in a metal foam under three heating modes namely the 

top, the side and the bottom. They observed that the melting of 

PCM under top heating mode is slower and the temperature of 

heater was also found to rise very quickly compared to the other 

two modes. This implies that the natural convection of liquid PCM 

in the metal foam plays a significant role in the melting of PCM, 

and hence cannot be neglected. Tian and Zhao [12] carried out 

numerical investigations on a PCM encapsulated with metal foam 

with different porosities and PPI. The authors observed that, metal 

foams resist the flow of PCM and suppress the convection. This 

implies that the enhancement of heat transfer caused is due to 

domination of heat conduction over natural convection in the PCM. 

The authors also argued that the heat transfer can be enhanced 

much with lower porosity and higher pore density metal foams. Li 

et al. [13] , experimentally and numerically, investigated the melt- 

ing of paraffin in an open cell metal foam. The numerical model 

was validated with experimental results by considering the non 

Darcy effect, local natural convection and thermal non- equilib- 

rium into the model. The numerical model showed good agree- 

ment with the experimental results. The authors also explained the 

importance of two equation model where two energy equations 

are simultaneously solved for the heat transfer in PCM and metal 

foam to simulate the melting of PCM in a metal foam. Cui [14] , 

experimentally, investigated the charging process of paraffin in a 

high porosity metal foam and showed that the presence of metal 

foam leads to more uniform temperatures in system, which, in turn 

significantly enhances the charging rate of energy storage system. 

Sundarram and Li [15] , numerically, investigated the effect of pore 

size and porosity on PCM filled micro-cellular metal foams. From 

the results, the authors concluded that, the porosity and pore size 

have a significant effect on the melting rate of the PCM. For a fixed 

porosity and lower pore diameter, the results showed a lower heat 

source temperature for a longer period of time. Feng et al. [16] car- 

ried out experimental investigations on freezing rates of a PCM in 

a metal foam. The authors considered different contact conditions 

of metal foam with base material such as natural contact, pressur- 

ized contact and adhesive bonding. From the results, the authors 

concluded that the freezing rates of the PCM are independent of 

the type of contact between the metal foam and the base mate- 

rial. Tao et al. [17] simulated the melting of PCM in a metal foam 

using the Lattice Boltzmann method. The authors studied the ef- 

fect of different parameters such as metal foam porosity and pore 

density on the melting rate of the PCM. The authors also addition- 

ally proposed an enhancement technique with the use of a nonuni- 

form porosity metal foam. The proposed technique was found to 

significantly improve the uniformity in temperature and enhance 

the heat transfer performance. Zhu et al. [18] developed a finite 

volume based numerical method with a non-equilibrium equation 

to study the melting process of PCM in a metal foam in rectangu- 

lar geometry. The authors also proposed three enhancement tech- 

niques namely (i) varying the PPI of metal foam (ii) changing the 

position of the cold wall and (iii) using discrete heating. Addition- 

ally, the authors carried out an optimization study by combining 

all the proposed enhancement techniques and the optimum con- 

figuration was found to have 83.32% faster melting rate over the 

pure paraffin case. Zhang et al. [19] , numerically, investigated the 

melting of PCM in a metal foam with varying porosity from the 

top to the bottom and the bottom to the top. The porosity gradient 

was created by two methods (i) by considering different porosity 

metal foam slices and (ii) by linearly varying the porosity along the 

height. From the results, the authors concluded that the porosity 

gradient enhances the heat transfer rate and that heat conduction 

dominates the entire heat transfer process. Zhu et al. [20] , exper- 

imentally, investigated a composite metal foam PCM heat sink at 

different filling heights of the metal foam. The authors found out 
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that the optimum filling height of metal foam is 2/3 rd of height of 

the heat sink, beyond which there was no change in the thermal 

performance of the heat sink. Joshi and Rathod [21] , numerically, 

investigated the augmentation of thermal transport in a compos- 

ite metal foam latent thermal energy storage system and proposed 

a novel configuration of metal foam arrangement to improve the 

thermal performance of system. From the results, it was seen that 

providing the metal foam only in the thermal potential regions 

enhances the thermal performance with conduction heat transfer 

and results in the same melting time of as that if the case of a 

PCM completely encapsulated inside a metal foam. Manchin et al. 

[22] , experimentally, investigated the melting of PCM in a cop- 

per metal foam for different PPI densities. They concluded that a 

metal foam improves the melting rates of the PCM and the vari- 

ation in PPI density did not significantly affect the melting rate 

of PCM. Yao and Wu [23] performed numerical investigations on 

the melting process of PCM in high porosity metal foams in pore 

scale level. They concluded that thermal non equilibrium is more 

prominent during melting process of PCM in high conductive metal 

foams and that metal foams can significantly reduce the thermal 

resistance offered by the PCM. Jin et al. [24] , experimentally, in- 

vestigated the melting of PCM at pore scale level in a metal foam 

through visualization and concluded that, a smaller pore size im- 

proves the melting rate significantly and reduces the thermal non 

equilibrium between the metal foam and the PCM. Rehman et al. 

[25] summarized the literature on heat transfer enhancement in 

PCMs with metal foams. The authors summary states that, metal 

foams help in uniform temperature distribution in composite PCMs 

and accelerate the melting process of PCM through their conduct- 

ing paths. Furthermore, low porosity, high PPI density foams were 

found to show superior performance in augmenting the heat trans- 

fer in metal foam composite PCMs. Abishek et al. [26] , numerically, 

investigated the melting process of composite metal foam PCM at 

pore scale level by varying the parameters namely strut diameter, 

pore and cell sizes and specific surface area. The studies reveal 

that, the metal foam significantly improves the melting rates of 

PCM and specific surface area of the has a strong correlation with 

the melting rate of PCM and becomes a vital parameter to optimize 

the performance of metal foam composite PCM as application spe- 

cific. Tauseef and Hafiz [27] experimentally investigated the ther- 

mal performance of a composite PCM metal foam heat sink with 

copper and iron-nickel metal foams filled with RT-35 HC as PCM. 

The results showed that, copper metal foam reduces the base tem- 

perature by 5-6 o C compared to iron-nickel metal foams. Further, 

the results revealed that a copper metal foam enhances thermal 

conductivity by 35 times over a pure PCM and a metal foam with 

lower porosity shows superior performance over metal foam with 

more porosity in the charging cycle. 

From the above review of literature, it is seen that metal foams 

improve the melting rates of PCM by diffusing heat through high 

conductivity metal foam ribs. In literature, the melting process of 

PCM has been investigated with visualization studies and the effect 

of different parameters such as porosity, PPI and the effect of foam 

filling height has also been studied numerically and experimen- 

tally. These studies have also concluded that lower porosity and 

higher PPI show more enhancement in heat transfer in a compos- 

ite metal foam PCM. Based on numerical simulations, a few studies 

have proposed a new enhancement technique with linearly varying 

porosity of metal foam along the height (thereby creating a poros- 

ity gradient). However, studies on composite metal foam PCM with 

porosity gradient lack experimental evidence and detailed compar- 

isons with different arrangements of metal foams. The thermal per- 

formance of a composite metal foam PCM heat sink depends on 

mainly two factors (i) volume of PCM and (ii) effective thermal 

conductivity. The increase in porosity of metal foam increases the 

volume of PCM but reduces the effective thermal conductivity. The 

parameter PPI density affects the convection in the liquid PCM. The 

convection in liquid PCM is suppressed more with an increase in 

the PPI density and it is accelerated with decrease in PPI density. 

In a heat sink, the heat flows from the bottom to the top (in bot- 

tom heating case) and the development of temperature gradients 

along the height of the heat sink is clearly intuitive. Hence, there 

is a necessity to engineer the distribution of porosity and PPI den- 

sity of metal foams to increase the overall thermal performance of 

the heat sink as the melting rate of PCM is highly dependent on 

the porosity and PPI of the metal foam. 

In this work, experimental investigations are performed to 

study the thermal performance of a composite metal foam PCM 

heat sink of different configurations with uniform and non uniform 

porosity (porosity gradient) of metal foams having fixed PPI den- 

sity. The melting dynamics of PCM during charging and discharg- 

ing cycles are numerically investigated through supporting three- 

dimensional conjugate heat transfer simulations with the non ther- 

mal equilibrium model and the enthalpy porosity formulation. Fur- 

ther, the thermal performance of a composite metal foam PCM 

heat sink with uniform and non uniform PPI density (PPI gradi- 

ent) of a metal foam having fixed porosity is also studied through 

numerical simulations. The thermal performance of the heat sink 

configurations are studied in both the charging and discharging cy- 

cles and are quantified for different power levels. 

2. Experimental setup 

The experimental setup consists of a data acquisition system, 

a DC power source, a computer and a heat sink assembly. Fig. 1 a 

shows a schematic of the experimental setup used in this study. A 

heat sink made up of aluminium (6101) and PCM cavity of 38 mm 

in diameter, 55 mm in height and wall thickness of 5 mm is used 

in this study. An organic material, n-Eicosane (C 20 H 42 ) which has 

a melting temperature range of 35 - 42 o C is used as the PCM [5] . 

Table 1 shows the thermophysical properties of the materials used 

in this study. The effect of porosity is studied for aluminium metal 

foams with a fixed PPI density of 20. Tomography is carried out 

to characterize the metal foams used in this study [28] . Fig. 1 b 

shows photographs of (a) three dimensional tomography view, (b) 

sectional view and (c) physical views of the metal foams. The metal 

foam is cut to the same size of the cavity and is then inserted into 

the heat sink cavity through tight press fitting method to reduce 

the contact resistance. The porosity gradients are created through 

the arrangement of different porosity metal foam slices one over 

the other. A nichrome wire and mica sandwich heater is attached 

at the bottom of heat sink to mimic bottom heating condition. The 

power input given to the electric heater through the DC power 

source is calculated as 

P = V I (1) 

Where P is power in Watts, V is voltage in Volts and I is current 

in Amperes. Calibrated K-type thermocouples, five in number (two 

are at heater and three are on side walls), that are connected to a 

data acquisition system are used to monitor the transient temper- 

atures of the heat sink. A thick cork insulation is provided at the 

bottom to reduce the heat loss from the bottom of the heat sink. 

The top of the heat sink is closed with an acrylic cap, while the 

heat sink outer surface kept open to ambient. 

3. Uncertainty analysis 

The uncertainty in the heat input is calculated based on the 

method of propagation of error. The uncertainties associated with 

the voltage and the current are taken to be the same as the least 

count of the device used to measure them (i.e., 0.1 V and 0.01 A 

3 
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Fig. 1. a) Schematic of the experimental setup. b) Tomography and physical photographs of metal foams. 

Table 1 

Thermophysical properties of the materials used in this study [36] . 

Material k ( W 
m −K ) c p ( 

kJ 
kg−K ) l( kJ 

kg ) T m ( 
o C ) ρ( kg 

m 3 ) 

n-eicosane 0.39 (solid) 2.1 (solid) 268.2 35 (solidus) 781 (solid) 

0.16 (liquid) 2.42 (liquid) 42 (liquidus) 759 (liquid) 

Aluminium 202.4 0.87 - 660.4 2719 

Cork 0.045 0.350 - - 120 

for voltage and current respectively). The uncertainty in the heat 

input is calculated using Eq. (2) as given below 

σP = ±

√ 
(

∂P 

∂V 
σV 

)2 

+ 

(

∂P 

∂ I 
σI 

)2 

(2) 

The uncertainty in the heat input for power level of 10 W is 

calculated as 

σP = ±
√ 

(0 . 73 × 0 . 1) 2 + (13 . 7 × 0 . 01) 2 (3) 

σp = ±0 . 155 W (4) 

σP 

P 
= ±0 . 0155 (5) 

or ± 1.55% 

From the calibration of thermocouples, it is seen that the mea- 

surement of temperature has an uncertainty of ± 0.25 ◦C. One- 

dimensional heat conduction equation is used to quantify the heat 

loss from the bottom of heat sink and it is found that there is a 

maximum of 3% heat loss from the bottom of the heat sink for the 

given heat input [29] . 

4. Experimental procedure 

In general, to characterize the thermal performance of PCM 

based heat sinks, two methodologies are widely followed in liter- 

ature. One is to study the rise of the heat sink temperature till it 

reaches a set point time, while the other is studying the time till 

the heater temperature reaches set point temperature. In this work 

the latter is followed. The charging cycle of heat sink is defined as 

time interval from the start to the set point temperature when the 

heat input is given to heat sink. The discharging cycle is defined as 

the time interval taken from the set point temperature to the am- 

bient temperature, when there is no heat input to the heat sink. 

When all the thermocouples show almost the ambient tempera- 

ture (i.e., 28 o C ), the heat input is given to the heat sink by the DC 

power source connected to heater. The charging cycle is studied 

till the heater temperature reaches the setpoint temperature. After 

this, the DC power source is switched off to remove the heat input 

to the heat sink to allow the heat sink to naturally reach the am- 

bient temperature in the discharging cycle. During this complete 

thermal duty cycle, the transient temperatures are recorded for ev- 

ery 10 s. In this study, experiments have been carried out on the 

heat sink at ambient temperature of 28 ± 1 o C for heat inputs 

of 6, 8 and 10 W. All the experiments are repeated for a signif- 

icant number of times and the repeatability tests confirmed that 

the charging and discharging cycles have maximum deviation of 

less than 3% and 4.2% respectively over the arithmetic mean of re- 

peated runs of experiment. Experimental studies are conducted on 

a plain PCM heat sink (as baseline) and the studies are extended 

to different configurations of the heat sink with uniform and non- 

uniform porosity created with bi-layer metal foams. 

5. Numerical modeling 

To understand the melting dynamics of PCM three-dimensional 

numerical simulations have been conducted on the heat sink con- 

figurations with metal foams and the numerical results are val- 

idated with experimental results. Additionally, numerical simula- 

tions are also performed on heat sink with tri-layer metal foams 

(i.e. porosity gradient created with three layer of metal foams) and 

average uniform property metal foam (i.e. heat sink with a poros- 

ity equal to the mean of the porosities of tri-layer metal foams) 

to compare the thermal performance of heat sink with bi-layer 

metal foams (i.e. porosity gradient created with two layer of metal 

foams). Table 2 shows the list of different metal foam configura- 

tions investigated in this present study. 
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Table 2 

Nomenclature of the different configurations investigated in this study. 

5 
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The enthalpy porosity formulation is used to simulate the 

phase change process in the PCM and non-thermal equilibrium 

model is used to simulate the heat transfer process in the porous 

medium [30] . The governing equations are 

The continuity equation: 

∂ρ

∂t 
+ ρ( ▽ ·U ) = 0 (6) 

Momentum equation: 

ρ

ε 

∂u 

∂t 
+ 

ρ

ε 2 

(

∂(uu ) 

∂x 
+ 

∂(u v ) 

∂y 
+ 

∂(uw ) 

∂z 

)

= −
∂ p 

∂x 
+ 

µ

ε 
∇ 

2 u −
(

µ

K 
+ 

ρC 

K 1 / 2 
| u | 

)

u −
(1 − β) 

2 

β3 + δ
Zu (7) 

ρ

ε 

∂v 

∂t 
+ 

ρ

ε 2 

(

∂(v u ) 

∂x 
+ 

∂(vv ) 

∂y 
+ 

∂(v w ) 

∂z 

)

= −
∂ p 

∂y 
+ 

µ

ε 
∇ 

2 
v −

(

µ

K 
+ 

ρC 

K 1 / 2 
| v | 

)

v 

−
(1 − β) 

2 

β3 + δ
Zv + ρgα(T − T l ) (8) 

ρ

ε 

∂w 

∂t 
+ 

ρ

ε 2 

(

∂(wu ) 

∂x 
+ 

∂(w v ) 

∂y 
+ 

∂(ww ) 

∂z 

)

= −
∂ p 

∂z 
+ 

µ

ε 
∇ 

2 w −
(

µ

K 
+ 

ρC 

K 1 / 2 
| w | 

)

w −
(1 − β) 

2 

β3 + δ
Zw (9) 

Energy equations: 

For PCM: 

ερ

(

c p + l 
dβ

dT 

)

∂T 

∂t 
+ ρc p 

(

u 
∂T 

∂x 
+ v 

∂T 

∂y 
+ w 

∂T 

∂z 

)

= k e f f ∇ 
2 T + ha (T mf − T ) (10) 

For metal foam: 

(1 − ε) ρc p 
∂T mf 

∂t 
= k ∇ 

2 T mf − ha (T mf − T ) (11) 

Energy equation for the solid: 

(1 − ε) ρc p 
∂T 

∂t 
= ▽ · k ▽ T (12) 

The liquid fraction of the PCM ( β) ( Eq. (7) ) is 0 when the PCM is 

in its solid form and it is 1 when the PCM is in its liquid form and 

in the mushy region the liquid fraction lies between 0 and 1. The 

liquid fraction is calculated as 

β = 0 i f T < T s 

β = 1 i f T > T l 

β = 
T − T s 

T l − T s 
i f T s < T < T l 

The heat transfer in the solid heat sink cavity is governed by heat 

conduction with the bottom heat flux boundary condition and con- 

vection boundary condition at the wall. In the present study, the 

effective thermal conductivity of the metal foam is calculated fol- 

lowing Boomsma and Poulikakos [31] based on a tetrakaideca- 

hedron cell model. Later Dai et al. [32] corrected the Boomsma 

and Poulikakos model to predict the effective thermal conductiv- 

ity more accurately. The pertinent relations are 

k e f f = 
1 

√ 
2 (R A + R B + R C + R D ) 

(13) 

R A = 
4 σ

(2 e 2 + πσ (1 − e )) k mf + (4 − 2 e 2 − πσ (1 − e )) k PCM 
(14) 

R B = 
(e − 2 σ ) 

2 

(e − 2 σ ) e 2 k mf + (2 e − 4 σ − (e − 2 σ ) e 2 ) k PCM 
(15) 

R C = 
( 
√ 
2 − 2 e ) 

2 

2 πσ 2 (1 − 2 
√ 
2 e ) k mf + 2( 

√ 
2 − 2 e − πσ 2 (1 − 2 

√ 
2 e )) k PCM 

(16) 

R D = 
2 e 

e 2 k mf + (4 − e 2 ) k PCM 
(17) 

Where σ = 

√ 
√ 

2(2 − (5 / 8) e 3 
√ 
2 − 2 ε) 

π (3 − 4 
√ 
2 e − e ) 

, e = 0 . 339 (18) 

The permeability ( K ) and inertial coefficient ( C ) in Eq. (7) are cal- 

culated using Eqs. (19) and (20) respectively [33] . 

K = 
ε 2 d 2 

k 

36 χ (χ − 1) 
(19) 

C = 
0 . 00212 (1 − ε) 

−0 . 132 
(d f /d p ) 

−1 . 63 

√ 
K 

(20) 

The interstitial heat transfer coefficient is incorporated into the 

model through a separate user defined function (UDF) and is cal- 

culated base on the simplified model which considers the metal 

foam ribs as cylinders [34] . Hence, the flow of liquid PCM over the 

metal foam ribs is treated as flow over a cylinder. The following 

correlations are used for estimating ’h’ depending on the Reynolds 

number range. 

h = 

{ 
0 . 76 Re 0 . 4 P r 0 . 37 k/d f , 0 < Re � 40 

0 . 52 Re 0 . 5 P r 0 . 37 k/d f , 40 < Re � 10 0 0 

0 . 26 Re 0 . 6 P r 0 . 37 k/d f , 10 0 0 < Re � 20 0 0 0 

(21) 

The other structural and geometrical properties [30] are calculated 

using equations given below, 

Pore diameter, d p = 
22 . 4 × 10 −3 

P P I 
(22) 

Strut diameter, d f = 1 . 18 

√ 

1 − ε 

3 π
d p (23) 

Interfacial surface area, a = 
3 πd f 

d 2 p 
(24) 

Characteristic length, d k = 
χ

3 − χ
d p (25) 

6 
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Tortuosity coefficient, χ = 2 + 2 cos 

(

4 π

3 
+ 

1 

3 
cos −1 (2 ε − 1) 

)

(26) 

Eqs. (6) to (12) are solved using Fluent 15.0 [35] . The convergence 

criteria for the continuity, velocity and energy equations are given 

as 10 −5 , 10 −6 and 10 −8 respectively. Second Order Implicit Method 

for Pressure Linked Equations (SIMPLE) algorithm is used for pres- 

sure velocity coupling and the mushy zone constant is taken as 

10 7 . Initial numerical simulations have been conducted on a three- 

dimensional model with 65982 grid elements. Further simulations 

were conducted on different grid sizes with different number of 

grid elements till the difference in heater temperature is less than 

0.05 o C for two consecutive grid sizes. The heater temperature of 

the heat sink (case A-d) at 3200 s for a heat input of 6 W is 

taken as the parameter to perform the grid independence study. 

For the grid elements of 65982, 92856, 135754 and 152687, the 

heater temperature at 3200 s is found to be 42.54, 42.42, 42.38 and 

42.37 o C respectively. Since, the difference in heater temperature 

for 92856 and 135724 elements is only 0.04 o C , further simulations 

are carried out on a model with 92856 grid elements. A time step 

independence study was also conducted and it was found that a 

time step of 0.1 s gives satisfactory convergence and accuracy of 

the solution. 

5.1. Validation 

Initial numerical simulations are performed to validate the ex- 

perimental results available in literature. For validation, the case 

of a copper metal foam with 0.9 porosity and 40 PPI density with 

geometry 10 × 10 × 4.5 cm is chosen among the cases ex- 

perimentally investigated by Li et al. [13] for a heat input of 40 0 0 

W/m 2 . Fig. 2 shows the results of Li et al. [13] and numerically ob- 

tained (present study) temperature time histories of the composite 

PCM metal foam heat sink. From the figure it is seen that, the nu- 

merical model shows good agreement with experimental results of 

Li et al. [13] with less than 3% error. Hence, this serves as the in- 

Fig. 2. Validation of the numerical model with the experimental results of Li et al. 

[13] 

dependent validation of the numerical model used in the present 

study. 

6. Results and discussion 

This section presents results for the charging and discharging 

cycles for the composite metal foam PCM heat sink. The results are 

broadly divided into four subsections namely (i) effect of porosity 

and its gradient, (ii) numerical simulations and melting dynamics 

of PCM (iii) effect of PPI density and its gradient on the charg- 

ing cycle and (iv) effect of both porosity and PPI density on the 

discharging cycle of metal foam composite PCM heat sink. In PCM 

based heat sinks, the volumetric effect of PCM heat absorption is 

seen directly in the transient temperature response of the heater. 

Hence, the transient heater temperature is considered to be the 

key quantity of interest to evaluate the thermal performance of 

heat sink. The heat sink with only the PCM (i.e without the metal 

foam) is taken as the baseline to quantify and compare the ther- 

mal performance of different configurations of composite PCM heat 

sinks with metal foam. 

6.1. Effect of metal foam porosity and its gradient on the charging 

cycle 

Fig. 3 a-c show the experimentally measured temperature time 

history of the heat sink heater with different porosity metal foams 

having constant PPI density of 20 at heat inputs of 6, 8 and 10 

W respectively. For a heat sink heated from the bottom, the PCM 

starts melting from the bottom and side conducting walls. With 

progress in time, the unmelted solid PCM remains at the center, 

and due to buoyancy the unmelted solid PCM comes in contact 

with the bottom. As a result a sudden drop in the heater temper- 

ature is seen in the heat sink with PCM case for heat inputs of 6 

and 8 W. However, for the case of 10 W due to the rise in temper- 

ature caused by self insulation effect of PCM, the unmelted solid 

PCM does not participate in secondary melting before it reaches 

the set point temperature [29] . For the cases of heat sink with 

metal foam, the secondary melting of PCM is not observed as the 

encapsulation given by the metal foam arrests the movement of 

solid PCM. For all the heat inputs, it is observed that the heat sink 

with metal foam shows a higher charging time, regardless of the 

porosity when compared to a heat sink filled with only PCM. Be- 

tween the cases of metal foams with uniform porosity, a reduc- 

tion in the porosity of the metal foam is seen to improve the ther- 

mal performance of the charging cycle (i.e., superior performance 

of case A-b over case A-a) [6] . However, reducing the porosity of 

metal foam from the bottom to the top (i.e case A-d) shows supe- 

riority over both the cases of heat sink with uniform porosity (i.e 

case A-a and A-b) for the same PPI density of metal foam. A reduc- 

tion in the porosity increases the metal fraction in the composite 

metal foam PCM, and this leads to an increase in the effective ther- 

mal conductivity. Despite this, the variation in porosity affects the 

convection in liquid PCM in metal foam (i.e. convection gets sup- 

pressed by decreasing the porosity). From the results of this study, 

it can be inferred that increasing the window of convection in the 

PCM at the bottom compared to the top enhances the thermal per- 

formance of the heat sink. Though case A-e also has non uniform 

porosity from the bottom to the top (increasing porosity from the 

bottom to the top) it shows poor performance compared to case A- 

b despite having the same PPI density. This is speculated as due to 

reduced convection in the PCM at the bottom due to low porosity 

and resistance to the heat flow to the top. 

7 



G.K. Marri and C. Balaji International Journal of Heat and Mass Transfer 164 (2021) 120454 

Fig. 3. Experimentally obtained transient temperature response of heat sink with PCM and with metal foams in the charging cycle with varying porosity and fixed PPI 

density for heat inputs of a) 6, b) 8, and c) 10 W. 

6.2. Numerical simulations and melting dynamics of PCM in heat 

sink with metal foams 

Fig. 4 shows the experimental and numerical temperature time 

histories of the heat sink configuration case A-d. From the fig- 

ure, it is clearly seen that results of the numerical model show 

good agreement with the experimental results. The temperature 

time history shows the three energy absorbing regions of the 

PCM where initial sensible heating of PCM with steep slope (A-B), 

isothermal phase change with almost constant slope (B-C) an sen- 

sible heating of liquid PCM with steep slope (C-D). Time averaged 

heat transfer coefficients on the surface of heat sink of 12, 9 and 

7 W / m 2 K showed good agreement with experimental results for 

heat inputs of 6, 8 and 10 W respectively. These heat transfer coef- 

ficients have been applied on the heat sink surface for all configu- 

rations and the values for the charging and discharging cycles have 

been taken to be same for the respective heat inputs. Fig. 5 shows 

the numerically obtained three-dimensional contours of the PCM 

liquid fraction during melting at different times. From the figure, 

it is evident that, the PCM initially starts from the bottom of the 

heat sink and with progress in time the formation of liquid front 

takes place at the walls. The simultaneous movement of melt front 

from the bottom to the top and from the side walls to the cen- 

ter of heat sink cavity completely melts the PCM. Fig. 6 shows the 

numerical velocity contours of the PCM melting for the heat sink 

configuration case A-d at different time instances. As seen in the 

figure, once the PCM starts melting from the bottom there occurs 

Fig. 4. Validation of the numerical results with in-house experimental results for a 

heat sink with decreasing porosity from bottom to top (i.e, Case A-d). 

formation of two convective velocity cells (~800 s) when a suffi- 

cient volume fraction of liquid PCM accumulates at the bottom. As 

time progresses, the PCM starts melting from the side walls too 

and these convective velocity cells merge together and form a sin- 
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Fig. 5. Numerical liquid fraction contours of the PCM in composite heat sink with decreasing porosity from the bottom to the top (i.e, case A-d) at different time instances 

for a heat input of 6 W. 

Fig. 6. Numerical velocity contours of the PCM in composite heat sink with decreasing porosity from the bottom to the top (i.e., case A-d) at different time instances. 

gle cell (~10 0 0 s) at the center due to presence of liquid PCM near 

the wall. The cell gradually grows (~10 0 0 to ~1600 s), while the 

PCM simultaneously starts melting from the side walls too. Once 

sufficient amount of PCM melts near the wall to create convection 

cells due to wall temperature in the PCM, cell destruction (~1800 s) 

and re-formation (~2800 s) with two sub convective velocity cells 

near the walls take place. Once the convective velocity cells near 

the side wall form the movement of melt front from the bottom 

gets suppressed a little and gets accelerated from the side walls 

at the top of the heat sink (~3100 s to ~3500 s). When the PCM 
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Fig. 7. Comparison of the experimentally and the numerically obtained charging 

times of the heat sink configurations with uniform and non uniform porosity cre- 

ated with bi-layer metal foams having a fixed PPI density. 

completely melts (~3700 s), the center core convective velocity cell 

grows bigger with two wall sub convective cells and forms three 

convective velocity cells in the liquid PCM each separated by ve- 

locity stratified zones. Numerical simulations are carried out for all 

the experimentally studied configurations for all heat inputs and 

similar melting dynamics have been observed. Fig. 7 shows a com- 

parison of the experimentally and numerically obtained charging 

times for the investigated configurations of heat sink with uniform 

and non uniform porosity created with bi-layer metal foams hav- 

ing fixed PPI density at different heat inputs. From the figure, it 

is seen that, for all the heat inputs numerical simulations show 

good agreement with experimental results in so far as the time 

to reach set point temperature is concerned, with less than 10% 

error. This shows the robustness of the model to perform further 

simulations to carry out (i) further studies on the best performing 

case of porosity gradient (i.e case A-d) and a tri-layer metal foam 

(i.e case A-f) and (ii) to compare the thermal performance of uni- 

form porosity metal foam having one porosity which is the mean 

of porosities of all the metal foams used to create the gradient (i.e 

case A-c) with the same PPI density. 

Fig. 8 a-c show the numerically obtained temperature time his- 

tories of (i) a heat sink with uniform porosity (i.e case A-c) with 

porosity value of average of metal foams used to create porosity 

gradient, (ii) a heat sink with bi-layer porosity gradient (i.e case 

A-d), and (iii) a heat sink with tri-layer porosity gradient (i.e case 

A-f) for heat inputs of 6, 8 and 10 W. From the figure, one can ob- 

serve that the heat sink with porosity gradient (i.e case A-d and 

A-f) shows superiority in thermal performance over heat sink with 

uniform porosity metal foam (i.e case A-c) for all the heat inputs. 

Fig. 8. Numerically obtained temperature time histories of a heat sink with PCM and with metal foams in the charging cycle with varying porosity and fixed PPI density for 

heat inputs of a) 6, b) 8, c) 10 W and d) Enhancement ratio of the heat sink with different porosities and fixed PPI metal foam configurations for heat inputs of 6, 8 and 10 

W based on numerical simulations. 
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However, heat sink configurations with porosity gradients (i.e case 

A-d and A-f) shows almost the same performance for all the heat 

inputs in the charging cycle. This shows that, increasing the linear- 

ity in porosity gradient along heat sink height does not improve 

the thermal performance of the heat sink. This leads to the key 

engineering conclusion that creating a porosity gradient in a heat 

sink with two porosity metal foams is good enough for superior 

thermal performance in comparison with a heat sink with uniform 

porosity metal foam embedded in it with the same PPI density. 

To compare the thermal performance of heat sinks, the charging 

cycle of heat sink is quantified in terms of non dimensional time 

which is known as the enhancement ratio and is given as 

φ = 
t mf 

t PCM 
(27) 

The quantity, φ gives us an idea of the enhancement the metal 

foam heat sink provides vis-a-vis the plane PCM heat sink in terms 

of time to reach the set point temperature. Fig. 8 d shows the en- 

hancement ratio of heat sinks with composite metal foam PCM for 

different porosities with constant PPI density and different heat in- 

puts. As the heat input increases, the enhancement ratio also in- 

creases due to better heat diffusion from the metal foam compared 

to a pure PCM at higher power levels. The cases of heat sink with 

uniform porosity show enhancement ratios of 1.32, 1.68 and 3.32 

for porosity of 0.97 (i.e case A-a) and 1.5, 1.9 and 3.7 for a porosity 

of 0.9 (i.e case-b) and 1.44, 1.81 and 3.52 for a porosity of 0.94 (i.e 

case A-c) for heat inputs of 6, 8 and 10 W respectively. The cases 

of heat sink with non uniform porosity show enhancements of 1.6, 

2 and 3.9 for decreasing porosity from the bottom to the top (case 

A-d) and 1.4, 1.8 and 3.5 for increasing porosity from the bottom 

to the top (case A-e) and 1.62, 2.15 and 3.9 for decreasing poros- 

ity from the bottom to the top in tri-layers (i.e. case A-f) for the 

same PPI density and heat inputs of 6, 8 and 10 W respectively. All 

considered, among all the cases of heat sinks with different porosi- 

ties, the cases of non uniform porosity with reducing porosity from 

the bottom to the top (i.e case A-d; Bi-layer metal foams and A-f; 

Tri-layer metal foams) show superiority with enhancements of 21, 

19 and 17.4% in the charging time over the composite metal foam 

PCM heat sink with uniform porosity (case A-a) for 6, 8 and 10 W 

power levels respectively. 

6.3. Effect of metal foam PPI and its gradient on the charging cycle 

Fig. 9 a-c show the numerically obtained transient heater tem- 

perature of PCM metal foam heat sink with varying PPI with fixed 

Fig. 9. Numerically obtained temperature time history of a heat sink with PCM and with metal foams in the charging cycle with varying PPI density and constant porosity 

for heat inputs of a) 6, b) 8, c) 10 W and d) Enhancement ratio of a PCM metal foam composite heat sink for different PPI density and its gradient configurations for heat 

inputs of 6, 8 and 10 W. 
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porosity of 0.94 for heat inputs of 6, 8 and 10 W respectively. For 

all the heat inputs, PCM heat sinks with metal foams maintain the 

heat source temperatures below the set point for longer periods of 

time. This reiterates the fact that the metal foam inhibits the con- 

vection in the PCM and improves the volumetric energy absorp- 

tion rate of PCM [8] . Additionally, the metal foam encapsulates the 

PCM in its pores and accelerates the conduction assisted melting 

by damping the buoyancy movement of solid PCM. For all the heat 

inputs, increasing the PPI density seems to enhance the charging 

cycle of heat sink with uniform foam properties (i.e superior per- 

formance of case B-b over case B-a and B-c). However, the heat 

sink configurations with non uniform PPI (i.e increasing PPI from 

the bottom to the top cases B-d and B-f) dominate all the con- 

figurations with more charging time. This is because of the con- 

vection heat transfer in the PCM due to high temperatures at the 

bottom in the low PPI density metal foam and conduction domi- 

nated melting of PCM in the high PPI density metal foam at the 

top. Though case B-e also has non uniform PPI density (decreasing 

PPI density from bottom to top), the high PPI density enhances the 

melting rate of PCM at the bottom due to conduction. The rapid 

melting of PCM under suppressed convection increases the ther- 

mal resistance in this case (i.e case B-e). For all the heat inputs, 

the heat sink configuration of case B-e shows almost the same 

performance as that of case B-c. With increase in the heat input 

the difference in charging time between the uniform PPI density 

cases(case B-a to B-c) and PPI density gradient cases (case B-d and 

B-f) gradually reduces. In the charging cycle, among the cases of 

increasing PPI density from the bottom to the top, the configura- 

tion with tri-layer PPI density gradient (Case B-f) shows superiority 

over the configuration with bi-layer PPI density gradient (Case B-d) 

in terms of time to reach the setpoint temperature. Fig. 9 d shows 

the enhancement ratio of the PCM heat sink with different foam 

PPI densities. The figure clearly shows that for all the cases, the 

enhancement ratio increases with an increase in the heat input. 

This implies that at higher heat inputs, the metal foams effectively 

exploit the latent heat of the PCM. The PCM heat sink with metal 

foam (Case B-a) shows a minimum enhancement of 1.46, 1.79 and 

3.72 times over the heat sink with pure PCM for heat inputs of 6, 

8 and 10 W respectively. Among the cases of metal foam with dif- 

ferent PPI densities, the non uniform PPI density with increasing 

order PPI from the bottom (i.e case B-f) shows more enhancement 

with enhancement ratios of 2.12, 2.36 and 4.41 for power levels 

of 6, 8 and 10 W respectively. These represent a 38, 26 and 19% 

more enhancement over the heat sink configuration having metal 

foam with uniform PPI density (Case B-a) for the same heat inputs 

respectively. 

If one considers the charging cycle, between the two param- 

eters porosity and PPI density, the PPI density with its gradient 

has more effect compared to porosity with its gradient in the 

thermal performance for the same volume of PCM for all heat 

inputs. 

6.4. Effect of porosity and PPI density of metal foam on the 

discharging cycle 

Fig. 10 shows the experimental and numerically obtained tem- 

perature time histories of the PCM metal foam heat sink (Case A-a) 

in the discharging cycle for a heat input of 6 W. Form the figure, it 

is evident that, the numerical model shows good agreement with 

experimental results in the discharging cycle. The energy release 

stages of the PCM in the discharging cycle are shown where the 

region EF with steep slope indicates the sensible cooling of PCM 

(pre-solidification) and latent heat release of PCM in region FG 

Fig. 10. Experimentally and numerically obtained temperature time histories of a 

PCM metal foam composite heat sink (Case A-a) in the discharging cycle for heat 

input of 6 W. 

with almost zero slope followed by sensible cooling of PCM (post- 

solidification) in GH region with a downward slope. Fig. 11 a shows 

the liquid fraction contours of the PCM during solidification of the 

PCM in the discharging cycle at different instances of time for a 

typical case (Case A-a) and heat input of 6W. In the discharging cy- 

cle, the PCM releases heat through the heat sink walls due to nat- 

ural convection. From the figure it is seen that, the PCM starts so- 

lidifying from the heat sink walls (~2950 s) and this is followed by 

initiation of the solidification gradually from the bottom (~40 0 0 s). 

With progress in time, the PCM solidification front simultaneously 

moves from the bottom and sides and forms a test tube shaped liq- 

uid front (~5500 s to ~8500 s). Once the latent heat of the PCM is 

completely released, the PCM becomes fully solid (after ~10550 s). 

Fig. 11 b shows the velocity contours of the PCM during solidifica- 

tion of PCM in the discharging cycle at different time instances. 

From the figure, it is seen that during initial stages of solidifica- 

tion three convection cells are seen and their size remain the same 

due to more liquid fraction of PCM (~2950 s). As the solidification 

starts from the heat sink walls and the bottom the convection cells 

near the wall gradually shrink and the center cell moves upward 

with reducing velocity magnitude (~40 0 0 s to ~550 0 s). With de- 

crease in liquid fraction, the convection gets suppressed and the 

convection cells completely disappear as the solidification process 

proceeds with velocities approaching zero (~6500 s to ~10550 s). 

Fig. 12 shows the numerically obtained temperature time histories 

of the heat sink in the discharging cycle with different porosities 

( Fig. 12 a-c) and PPI densities ( Fig. 12 d-f) at heat inputs of 6, 8 and 

10 W. From Fig. 12 a-f, it is seen that, regardless of the porosity 

and PPI density of the metal foam the heat sink takes almost the 

same time to reach ambient temperature for all the heat inputs. 

The PCM heat sink without metal foam is seen to release latent 

heat with a steep slope unlike a heat sink with metal foam due to 

non-uniformity in the temperature distribution and poor thermal 

conductivity compared to the case of PCM heat sink with metal 

foams. A PCM heat sink without metal foam releases latent heat 

in the time interval of ~2400 s to ~14000 s for a power level of 6 

W, while the PCM heat sink with metal foam releases latent heat 

between ~2800 to ~11000 s. However, with an increase in the heat 

input, the heat sink with pure PCM takes almost the same latent 
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Fig. 11. a) Liquid fraction and b) Velocity contours of a PCM composite heat sink (Case A-a) during the discharging cycle at different time instances for heat input of 6 W. 

heat release time compared to a heat sink with metal foams due 

to incomplete exploitation of latent heat during the charging cy- 

cle. Regardless of the porosity and PPI density of the metal foam, 

the composite PCM heat sink takes approximately 14200 s to reach 

ambient temperature. As there is no heat input at the bottom, all 

the heat sink configurations start cooling from the same set point 

temperature with quickly decreasing temperature and velocity gra- 

dients which results in low heat transfer coefficient in liquid PCM 

during the discharging cycle. As the convection is strong in the 

heating condition and it gets affected more by the structural and 

geometrical properties of metal foam, the porosity and PPI exert 

more influence on the thermal performance of a heat sink in the 

charging cycle than in the discharging cycle. Further, the outer sur- 

face area of the heat sink is fixed irrespective of the composite 

PCM metal foam configuration in the heat sink and in view of this 

the porosity and the PPI of metal foam exert only a marginal effect 

on the discharging cycle of the heat sink. 
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Fig. 12. Discharging cycle of a PCM heat sink without metal foams(experimental) and with metal foams(numerical) with different porosities and its gradients for heat inputs 

of a) 6 W b) 8 W and c) 10 W and for different PPI densities and its gradients for heat inputs of d) 6 W e) 8 W and f) 10 W. 

7. Conclusions 

In this paper, the results of experimental and numerical investi- 

gations to study the effect of metal foam porosity and its gradient 

with constant PPI density and the effect of metal foam PPI den- 

sity and its gradient with constant porosity on the thermal perfor- 

mance of metal foam composite PCM based heat sinks were re- 

ported. The phase change dynamics of the PCM in the compos- 

ite metal foam heat sink during the charging and the discharging 

processes were investigated and reported through numerically ob- 

tained liquid fraction and velocity contours. From the study it was 

found that, either decreasing the porosity from the bottom to the 

top or increasing the PPI density of metal foam from the bottom to 

the top enhances the thermal performance of the heat sink com- 

pared to a heat sink with uniform porosity or uniform PPI density. 

The salient conclusions from the study are 
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1. Metal foams enhance the thermal performance of PCM based 

heat sink upto 4.4 times over a heat sink with pure PCM, in 

terms of the time to reach the set point temperature. 

2. The composite metal foam PCM with non uniform porosity (de- 

creasing porosity from the bottom to the top) enhances the 

thermal performance of heat sink up to 28% over the heat sink 

with uniform porosity with the same PPI density in terms of 

the time to reach set point temperature. 

3. The nonuniform PPI density of a metal foam in a composite 

metal foam PCM shows superiority in thermal performance of 

heat sink up to 45% over the heat sink with uniform PPI den- 

sity with the same porosity in terms of the time to reach the 

set point temperature. 

4. The metal foam with PPI density gradient (increasing PPI den- 

sity from the bottom to the top) for a fixed porosity shows su- 

periority with enhancement ratio of 4.4 among all the compos- 

ite PCM metal foam heat sink configurations with almost the 

same volume of PCM, for the charging cycle in terms of time to 

reach the set point temperature. 

5. The porosity of the metal foam and its gradient and PPI density 

of metal foam and its gradient have very insignificant effect on 

the discharging performance of the composite metal foam PCM 

heat sink. 

Between the two parameters porosity and PPI density, engi- 

neering the PPI density (increasing from the bottom to the 

top) in a metal foam in order to use it as a TCE, significantly 

improves the thermal performance of a PCM heat sink com- 

pared to the engineering the porosity of a metal foam. With ad- 

vanced manufacturing techniques such as 3D printing and ad- 

ditive manufacturing it should be relatively straight forward to 

create porosity or PPI density gradients in a metal foam to en- 

able its use as a TCE in PCM based heat sinks. 
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