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Abstract—The melting efficiency is often limited by the low thermal conductivity of PCMs. In this paper, numerical simulation is
carried out for analyzing the enhanced heat transfer in the metal honeycomb foam system filled with PCMs. In the present
PCM/FOAM model, octadecane is used as PCM, and the metal honeycomb foam with 96% porosity is employed as enhancer to
improve the heat transfer performance in the PCM and accelerate its melting. The PCM/FOAM model is heated on one of surfaces
with a constant heat flux so that the PCM can be heated from the solid state to the pure liquid state. The enhanced heat transfer in
the PCM/FOAM model is numerically solved by the finite element technique. The numerical results obtained are compared with
those for the pure PCM to illustrate the enhancing effect due to the presence of metal foam. Results show that the overall heat
transfer rate can be increased by about 100% due to the addition of metal foam. Finally, the comparative analysis is carried out
for different metal matrix materials and PCMs.
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1. INTRODUCTION

Phase change materials such as octadecane, paraffin wax, hydrated salts, and acids, exhibit a high enthalpy of fusion in a
relatively small volume, so that they can been applied for thermal energy storage by using their excellent capacity of latent heat of
fusion, that is, storing and releasing large amount of heat energy during melting and solidification [1,2]. However, the energy storage
capacity is often limited by the intrinsic defect of low thermal conductivity of PCMs, as a result the thermal energy from the outer
environment is difficult to transfer into the solid PCMs to make them melt quickly. Further, the stored thermal energy in the liquid
PCMs is also difficult to release for making them solidify in a short time. The overall storing and releasing period of the PCMs is
usually time-consuming and the efficiency of thermal energy storage is relatively low.

In order to improve the heat transfer rate in PCMs, extensive studies have been carried out by adding materials with higher
thermal conductivity in the system. So far, the commonly used enhancers include the metal powder, metal foam and graphite. For
example, Mettawee and Assassa formed a latent heat storage system by placing aluminium powder into the paraffin wax. The
reported results showed that the heat transfer performance of the PCM-aluminium composite material was improved as compared to
the case of pure paraffin wax [3]. Martin et al. studied the heat transfer performance of paraffin-graphite composites [4]. Sar1 and
Karaipekli investigated the influence of expanded graphite (EG) addition on the thermal conductivity of the paraffin/EG composites
[5]. Ji et al. revealed that the addition of ultrathin-graphite foams in a PCM can increase the thermal conductivity of PCM by up to
1800%, with negligible change in the PCM melting temperature or mass specific heat of fusion [6]. Li et al. designed a sandwiched
cooling structure using copper metal foam saturated with phase change materials and studied experimentally and numerically the
thermal efficiency of the composite system [7,8]. Zhao et al. studied the enhanced heat transfer behavior in the paraffin wax PCM
embedded in open-cell copper foam [9]. In the studies reviewed above, both experimental and numerical methods are extensively
used for analyzing the enhanced heat transfer in the composite systems consisting of PCMs and enhanced materials. Compared to the
experimental method, the numerical simulation can provide more flexible and economic ways for the analysis of the complicated
enhanced PCM system.

In this paper, the melting procedure of phase change material, octadecane used here, in the metal honeycomb foam (FOAM for
short hereafter) is numerically investigated to examine the enhanced heat transfer capability of phase change materials by
introducing the regular metal foam. In addition, the influence of thermal conductivity of metal matrix material on the melting
efficiency of the PCM is studied for different matrix materials and PCMs.
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The paper is organized as follows. Section 2 briefly describes the physical and mathematical model of transient heat transfer in
the PCM/FOAM system, and related numerical results are given in Section 3. Finally, some conclusions are summarized in Section

4,
2. TRANSIENT HEAT TRANSFER MODEL IN THE PCM/FOAM SYSTEM

Consider a practical trimmed honeycomb foam structure made of metal aluminium as shown in Figure 1. The length and width of
the foam model are 196.1576mm and 56.6258mm, respectively. For each cell, the side length is 3.7mm and the wall thickness is
0.13mm. The porosity of the foam is, therefore, 96%. The metal foam is filled with octadecane [10]. The thermophysical properties
of metal aluminium [11] and octadecane [10] are listed in Table 1 for reference.
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Figure 1: Actual honeycomb foam (above) and the 2D geometrical model (bottom)

Table 1. Thermophysical properties of octadecane and aluminium

Octadecan  Aluminiu

Property e m

Density p (kg/m?) 800 2675

Mass heat capacity ¢, (J/kg/K) 1250 903
Latent heat of fusion Ly (J/kg) 125000 /
Melting temperature T;,, (K) 303 /

Thermal conductivity k (W /m/K) 0.2 211

It’s assumed that there is an energy input G (Wm-2) from the bottom of the model system consisting of metal foam and
octadecane. The other surfaces are covered with insulation material, as shown in Figure 2. Obviously, the incident energy G is
transferred into the middle region of the system to force octadecane changing its phase from solid to liquid.
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Figure 2. Boundary conditions of the PCM/FOAM system

For the heat transfer in the PCM/FOAM system, the natural convection in the PCM liquid phase caused by the fluid flow driven
by buoyancy force is not taken into consideration due to the small size and the closed-cell feature of the pores [9]. Only the heat
conduction in the solid metal foam phase, solid PCM and liquid PCM is considered. According to heat conduction theory [11], the
transient heat conduction equation in material coordinates is written as

oT (x,t)
ot

PeChe =V [k VT(x,1)]+Q (1)
where p,(kgm™2), ¢, (Jkg™'K™"), k. (Wm~'K™") are effective material density, mass heat capacity at constant pressure, and
thermal conductivity, respectively. T(K) is the temperature, and Q(Wm™3) is an interior heat source per unit volume. In this study,
the interior heat source is set to be zero.
For the metal foam material, the effective material properties can be given by
Pe=Pur Cpo=Chpr K, =K, (2)

where the subscript m stands for the solid metal material of foam. For aluminium material, the thermo-property values can be
found in Table 1.

While, for the PCM, there is phase change from the PCM solid phase to the PCM liquid phase when the actual temperature
reaches its melting temperature T,,. During the melting process, the large latent heat of fusion is absorbed. Actually, the phase
change usually takes place within a temperature interval, and the latent heat can be introduced into an apparent heat capacity during
phase change. Thus, the effective material properties should be modified as
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where the subscripts s and | stand for the solid and liquid phases of PCM, respectively. For the specific single melting temperature
Ty, We can set Ty = T, — AT /2 and T; = T,,, + AT /2, with the introduced phase change temperature interval AT In this study, we
set the phase change temperature interval AT = 1K. Due to the minor difference of these parameter values for the solid and liquid
states, in the following computation, it’s assumed that the thermophysical properties of solid and liquid phases of PCM are same
and keep constant in the simulation. For Octadecane PCM, the values of these parameters are given in Table 1 for reference.

Besides, the initial condition and the boundary conditions should be applied to make the problem solvable. At the initial
instance t = 0, the PCM/FOAM system is assumed to be with the temperature T,. The initial temperature condition is, then,
written as

T(x,t=0)=T, (6)

In the analysis, it’s assumed that the bottom surface of the PCM/FOAM system is subjected to an inward heat flux G and the
remaining surfaces are insulted. Hence, the boundary conditions for t > 0 are written as
n-q=-G on the bottom surface
()
n-q=0 on other surfaces
where n is the normal vector of the surface and q is the heat flux vector per unit area (Wm™2) expressed by the Fourier law
q=-kVT 8)

The boundary conditions of the PCM/FOAM system are tabulated in Table 2.
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Figure 3: Smoothed incident energy intensity G

Table 2. Boundary conditions of the PCM/FOAM system

) Valu

Quantity o
Initial temperature T, (K) 293
Incident energy intensity G (Wm™?2) 750

In the practical simulation, the incident energy intensity, i.e. G = 750 Wm™2

, is applied over the bottom surface of
the system since t > 0. Clearly, it will induce a sudden temperature change at the starting time. To bypass this
problem, a smoothed function which increases the incident energy intensity from 0 to 750 Wm™2 within 0.1s is

introduced, as shown in Figure 3.
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3. NUMERICAL RESULTS AND DISCUSS

In this section, the enhanced heat transfer in the PCM/FOAM system is numerically investigated. Apart from analytical solutions
which are available only for a few problems with simple geometries and boundary conditions [12-16], numerical methods such as
finite element method [17,18], finite difference method [9,19,20], and the boundary element method [21] can be used to solve such a
complex problem. Among them, the finite element method based on the element-level approximation and the virtual work principle
is very suitable for such coupling heat transfer involving solid phase and fluid phase. In this study, the finite element analysis is
performed using COMSOL multiphysics, and the free triangular elements are used for both the solid metal wall and the PCM.
Additionally, in order to show the effect of heat transfer enhancement induced by the metal foam, the pure octadecane core (without
metal foam) sample with same dimensions, i.e. 196.1576mm by 56.6258mm, is analyzed in Section 3.1 for comparison. Then,
Section 3.2 presents the results of the PCM/FOAM system. Besides, two key points, Point A and B as shown in Figure 2, are chosen
to investigate the temperature variation in terms of time.

In addition, in the following study, the melting region of the PCM is illustrated by different colour range: the red colour means
the temperature exceeding the melting temperature and the PCM has molten to liquid state; the yellow colour represents the
temperature around the melting temperature, that is, the PCM is in melting state; the blue colour denotes the temperature is lower
than the melting temperature and the PCM keeps the solid state.

3.1 HEAT TRANSFER IN THE PURE PCM

Firstly, the pure PCM is considered for the purpose of comparison. The computational domain is modelled with extra fine mesh
scheme consisting of 1832 elements (see Figure 4). From the numerical results shown in Figure 5 it is found that the temperature at
Point A, which is close to the heating source, quickly increases from the initial temperature 293K and the PCM at Point A begins to
melt at around t=30s at which the temperature approximately reaches the melting temperature 303K. Due to the reason that the PCM
has a low thermal conductivity, the heat provided can’t be transferred faster and just accumulates around the Point A to make the
local temperature increase quickly. At about t=180s, the octadecane has completely changed into liquid state. After this, the
temperature begins to increase faster again due to the heat conduction in the liquid. While at Point B, which is far away from the
heating surface, there appears a different phenomenon. The temperature at this point slowly increases from the initial temperature
293K and only reaches 300K at about t=6000s. The PCM at the point B changes fully into fluid state until t=12800s. After this, the
fast increase of temperature is mainly caused by the heat conduction of the liquid PCM. Figure 6 clearly indicates the variation of the
melting front of the PCM in terms of time in the entire domain. It’s found that the melting front of the PCM gradually moves
upwards as the time increases and keeps almost horizontally at each time instance.

Figure 4. Mesh division for the case of pure PCM
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Figure 5. Temperature variation with time for the pure PCM system
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Figure 6. Melting region in the pure PCM system at different time instances

3.2 Heat transfer in the PCM/FOAM system

The computation is carried with the mesh consisting of 428626 elements as shown in Figure 7. Figure 8 displays the variation of
temperature at point in the time domain. It is seen from Figure 8 that the PCM octadecane begins to melt at around t=1000s. T he
temperature at Point A increases more slowly and is obviously lower than that for the case of pure PCM. This is due to the large
difference of the thermal conductivity of the metal material and the PCM, thus the heat provided is quickly transferred into the PCM
through the metal foam wall and can’t accumulate around Point A. Then, in each cell the distributed heat is used for overcoming the
latent heat of fusion of the embedded PCM to make it change its phase from the solid state to the liquid state. While at the point B,
the temperature increases quickly to almost 303K at t=1200s. After this time, the temperature almost keeps unchanged until at about
t=6660s. This is also attributed to the higher thermal conductivity of the metal foam. Then the heat is used for phase change in the
cell not for sensible heat increasing. Next, the entire PCM in each cell fully becomes liquid state at around t=7000s. Figure 9
displays the location of the melting front surface of the PCM at different time instance in the PCM/FOAM system. Because of the
structure of metal foam, it’s found that the melting front surface of the PCM moves upwards but doesn’t keep horizontally. The
phase change occurs from the outmost to the innermost at each pore.

www.ijeais.org
134



International Journal of Engineering and Information Systems (IJEAIS)
ISSN: 2000-000X

Vol. 1 Issue 9, November — 2017, Pages: 129-142

Figure 7. Mesh division of the PCM/FOAM system
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Figure 8. Temperature variation with time for the PCM/FOAM system
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Figure 9. Melting region in the PCM/FOAM system at different time instances

In order to investigate the thermal response at other points different to the particular Point A and B, we chose the middle point
or the point very close to the middle point on the top surface as the new check-point C, as displayed in Figure 2. From results in
Figure 10, it is observed that there is a slight difference of the temperature variation at the points B and C for both the pure PCM
and the PCM/FOAM composite system. For the case of pure PCM, the melting duration of octadecane at the middle point C is
slightly later than that at the corner point B, and it is found that the temperature curve at the middle point C is smoother than that at
the corner point B. While, for the PCM/FOAM system, the metal foam makes the temperature more uniform and the smaller
temperature difference is observed at Point C and Point B.
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Figure 10. Temperature variations with time at Points B and C on the top surface for (a) the pure PCM; (b) the PCM/FOAM system

3.3 Sensitivity analysis of thermal conductivity of metal matrix material

As an enhancer, the regular aluminium metal foam has been applied to accelerate the melting of the octadecane. From the
viewpoint of composite, both the microstructure of metal foam and the thermal conductivity of metal matrix material are important
for the enhanced heat transfer in the PCM. Here, the effect of thermal conductivity of metal matrix material is investigated using
different materials. Three typical metal materials including pure iron [22], aluminium [11] and pure copper [22] are taken into
consideration and the corresponding thermophysical parameters are listed in Table 2, from which it is found that the thermal
conductivity of the three metal materials covers a large range from several tens to several hundreds. Among them, the copper has the
highest thermal conductivity, while the iron has the smallest one.

Figures 11 and 12 show the results of the temperature variations with time at Point A and Point B, respectively. From Figure 11 it
is found that the temperature at Point A unexceptionally increases with time, among which there is a fastest increase for the case of
iron. The main reason is that the iron has far smaller thermal conductivity than the aluminium and the cooper, hence for the case of
iron, the input heat energy can’t transfer into the PCM rapidly through the metal frame and causes more obvious local heating effect
around Point A. At Point B, the temperature distributions in Figure 12 clearly show that the liquid content of the octadecane
increases with time. The temperature distributions level out around the melting point (303K), because not all of the energy is going
toward a temperature rise and some is being absorbed to change the PCM phase from the solid state to the liquid state. After the
PCM is fully liquefied, the temperature increases again because of heat conduction in the liquid PCM. Additionally, the solution in
Figure 12 shows that the copper produces the fastest increase of temperature at Point B due to the highest thermal conductivity and
thus the phase change of the PCM finishes at first.

Figure 13 presents the melting region at t=6000s in the PCM/FOAM system, which is illustrated by different colour ranges. It’s
clearly shown that the cooper causes the fastest melting velocity of PCM, due to the huge advantage of its thermal conductivity. This
can also be demonstrated by the melting time for the PCM/FOAM system. The PCM/FOAM system can fully melt at about 7440s,
7140s, and 6720s for iron, aluminium and copper matrix materials, respectively. Obviously, the melting time for the aluminium and
copper matrix materials reduces approximate 4% and 9.7%, respectively, compared to the iron matrix material.

Table 2. Thermophysical properties of several typical metal materials

Aluminiu  Coppe

Propert Iron
perty m r
Density p (kg/m?) 7897 2675 8954
Mass heat capacity ¢, (J/kg/K) 447 903 384
Th 1 conductivity k(W
ermal conductivity k(W /m/ 80 11 398
K)
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Figure 11. Temperature variations with time at Point A for different metal materials
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Figure 13. Melting region of the octadecane at t = 6000s for different metal matrix materials
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3.4 Sensitivity analysis of different PCMs

Apart from the octadecane [10] studied above, there are other PCMs like paraffin series used commonly in engineering
applications. Here, the paraffin RT25 [23], RT44HC [7], and RT58 [24] are considered and their results are compared with those of
the octadecane with same aluminium matrix material to assess the difference of thermal behaviour between them. Table 3 lists the
thermophysical properties of these PCMSs. It is seen that the four PCMs have almost the same thermal conductivity. The octadecane
and the paraffin RT25 have similar melting temperature, but there is a significant difference of the latent heat of fusion of them.
Besides, the paraffin RT58 has the highest melting point, but its latent heat of fusion is relatively small. The paraffin RT44HC has
the largest value of latent heat of fusion among the four PCMs.

Figures 14 and 15 present the temperature distributions with time at Points A and B, respectively. Similarly, Figure 14 shows the
apparent temperature increase with time at Point A. Figure 15 displays the obvious horizontal level of temperature at the time
between 4000s and 12000s, similar to those observed from Figures 11 and 12. But, due to the difference of melting temperature and
latent heat of fusion, the four PCMs show different thermal behaviours. Besides, it can be observed from Figure 15 that the length of
horizontal level corresponds to the latent heat of fusion of PCM. The smaller the latent heat of fusion is, the shorter the horizontal
level is. Also, we find that the location of horizontal level is dependent of the melting temperature. The smaller the melting
temperature is, the lower the horizontal level is, and the earlier the melting begins. Finally, Figure 16 displays the melting regions at
t=6000s for different PCMs. It is found that the melting region is with respect to the melting temperature and the latent heat of
fusion. RT58 corresponds to the smallest liquid content, due to its highest melting temperature. The octadecane and RT25 have
similar melting temperature which is significantly lower than that of RT44HC and RT58; thus, the melting starts earlier in the
octadecane and RT25. Moreover, we find that the octadecane has larger molten zone than the RT25. It’s reasonable that the
octadecane has smaller latent heat of fusion than the RT25, so that the melting of the octadecane needs less energy than the RT25.
Finally, the full melting times of the four PCMs (the octadecane, RT25, RT44HC and RT58) are 7140s, 11880s, 16260s and 13500s
, respectively. Obviously, this result is consistent with that in Figure 15.

Table 3. Thermophysical properties of different PCMs

Paraffin Paraffin Paraffin
Property Octadecane
RT25 RT44HC RT58
Density p (kg /m) Solid 800 785 810 900
ensi m
Py Liquid 800 749 810 760
. Solid 1250 1800 2250 1800
Mass heat capacity ¢, (//kg/K)
Liquid 1250 2400 2250 2400
o Solid 0.2 0.19 0.2 0.2
Thermal conductivity k (W /m/K) .
Liquid 0.2 0.18 0.2 0.2
Latent heat of fusion Ly (J /kg) 125000 232000 270700 179000
Melting temperature T, (K) 303 300 315 331
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Figure 14. Temperature variations with time at Point A for different PCMs
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Figure 15. Temperature variations with time at Point B for different PCMs
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3.5 Influence of specific temperature condition

In order to investigate the thermal response caused by specific constant temperature constraint, we applied the constant
temperature boundary condition on the bottom surface of the pure PCM domain and the PCM/FOAM domain to replace the given
heat flux condition. It is assumed that the specific temperature is 360K, and the corresponding temperature variation in terms of time
at Point B on the top surface is recorded. Results in Figure 17 clearly indicate that the addition of aluminium foam makes the
temperature at Point B increase rapidly, until the PCM at Point B begins to melt. The heat storage procedure during phase change
just finishes at about 30s. Then, the temperature increases continuously and reaches 360K at about 2000s. While, for the pure PCM
which has very low thermal conductivity, the poor behavior of heat transfer in it is observed and the PCM needs more time (about
8000s) to finish the phase change. At about 16400s, the PCM fully changes to liquid state.

370 T T T
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—— PCM/FOAM system
Pure PCM

340

330+

Temperature (K)

320+

3101

300

290

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
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Figure 17. Temperature variations at Point B for the cases of pure PCM and PCM/FOAM system

4. CONCLUSIONS

In this paper, the influence of heat transfer enhancement is numerically studied in the PCM/FOAM system, in which the PCM is
enclosed into the pores of the metal foam. Compared to the results of the pure PCM sample, the effect of metal foam on solid/liquid
phase change heat transfer is very significant. The huge difference in thermal conductivity between the metal matrix material and the
PCM reduces the heat transfer resistance, makes the heat quickly transfer into the local PCM through the metal form and effectively
improves the internal heat transfer uniformity of the local PCM. As a result, the melting rate of the PCM can be enhanced by almost
100% by introducing the metal foam. The time of fully melting decreases from about 12800s for the pure PCM system to about
7000s for the PCM/FOAM system. Additionally, the numerical results show that the copper and aluminium matrix materials can
reduce 9.7% and 4% melting time, compared to the iron material. Moreover, the octadecane has the shortest melting time compared
to the other three PCMs, due to its lower melting temperature and smaller latent heat of fusion. Besides, the thermal response at
specific constant temperature condition is investigated and it is found that the metal foam shows stronger advantage to accelerate the
phase change (from solid to liquid) of PCM, compared to the case of pure PCM.
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