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Abstract

In this paper the experimental investigation on the solid/liquid phase change (melting
and solidification) processes have been carried out. Paraffin wax RT58 is used as
phase change material (PCM), in which metal foams are embedded to enhance the
heat transfer. During the melting process, the test samples are electrically heated on
the bottom surface with a constant heat flux. The PCM with metal foams has been
heated from the olid state to the pure liquid phase. The temperature differences
between the heated wall and PCM have been analysed to examine the effects of heat
flux and metal-foam structure (pore size and relative density). Compared to the results
of the pure PCM sample, the effect of metal foam on solid/liquid phase change heat
transfer is very significant, particularly at the solid zone of PCMs. When the PCM
starts melting, the natura convection can improve the heat transfer performance,
thereby reducing the temperature difference between the wall and PCM. Even so, the
addition of metal-foam can increase the overall heat transfer rate by 3 - 10 times
(depending on the metal foam structures and materials) during the melting process
(two-phase zone) and the pure liquid zone. The tests for investigating the
solidification process under different cooling conditions (e.g. natural convection and
forced convection) have been carried out. The results show that the use of meta
foams can make the sample solidified much faster than pure PCM samples, evidenced
by the solidification time being reduced by more than half. In addition, a two-
dimensional numerical analysis has been carried out for heat transfer enhancement in
PCMs by using metal foams and the prediction results agree reasonably well with the

experimental data
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1. Introduction

Thermal energy storage isof critical importance in many engineering applications. The
demand for CO; reduction to curb global warming considerably increases the interest in
utilizing renewable energy sources, especially solar energy. Due to the discrepancy
between solar energy supply and energy demand, a thermal energy storage device has
to be used. Thermal energy storage (TES) plays a vital role in solar thermal energy
applications in areas such as energy efficient buildings (Tyagi and Buddhi 2007) and
solar thermal power plants (Hoshi et a. 2005), and therefore, it has received significant
attention. Similar problems arise for waste heat recovery systems where the waste heat
availability and utilization periods are different. Thermal energy storage techniques can
be classified as sensible heat storage and latent heat storage (Zalba et al. 2003). Latent
heat storage is particularly attractive, since it provides a high energy storage density
and can store the energy as the latent heat of fusion at a constant temperature (phase
change temperature of the corresponding PCM). The various PCMs are generally
divided into three main categories from the material composition: organic, inorganic
and eutectic compounds, and two groups from their melting temperature: low
temperature (< 200 °C) and high temperature (>200 °C). The low-temperature PCMs
(organic, inorganic or eutectic) are mainly used in waste heat recovery systems and
buildings, while high temperature PCMs (inorganic or eutectic) can be used in solar
power plants and other high temperature applications. Organic compounds present
several advantages at low temperature applications such as non-corrosion, limited
supercooling and no phase segregation, therefore, technical grade paraffin, as one of the
organic PCMs, has been extensively used as heat storage materials in low temperature
applicationssuch as Tyagi and Buddhi (2007) and Zalba et al. (2003).

Phase change materials (PCMs) have been widely used for thermal energy storage
systems due to their capability of storing and releasing large amounts of energy with a
small PCM volume and a moderate temperature variation (Pasupathy et a. 2000,
Mettawee and Assassa 2007, Nayak et a. 2006). However, Most PCMs suffer the
common problem of low thermal conductivity, being around 0.2 and 0.5 for paraffin

and inorganic salts, respectively, which prolongs the charging and discharging period.

In order to improve the therma conductivity of phase change materials, extensive

investigations have been carried out to improve the thermal response of PCM through



the addition of different high thermal conductivity materials. Mettawee and Assassa
(2007) placed aluminium powder in the PCM for a compact PCM solar collector and
tested its performance during the processes of charging and discharging. The results
showed that significant improvement can be achieved. Some investigators studied the
graphite matrix embedded within paraffin, and significant improvement in thermal
conductivity was achieved (Mettawee and Assassa 2007, Nayak et al. 2006, Py et al.
2001, Nakaso et al. 2008). One intrinsic problem of a graphite matrix is its anisotropy
in that the thermal conductivity depends on the direction. To solve this problem, some
metal materials with high thermal conductivities could be used to enhance the heat
transfer performance of the PCMs. The effectiveness of metal matrix and finned surface
as therma conductivity enhancers was numerically studied by Nayak et a. (2006).
Ellinger and Beckermann (1991) experimentally investigated the heat transfer
enhancement in a rectangular domain partially occupied by a porous layer of aluminum
beads. They found that the introduction of a porous layer caused the solid/liquid
interface to move faster initially during the conduction-dominated regime. However,
the overall melting and heat transfer rates were found to be lower with the presence of
porous layer due to the low porosity and permeability which severely constrains the
mixing heat transfer caused by the convection.

High porosity (usually over 85%) open-celled metalic foams are considered as one
type of the most promising materials to enhance the heat transfer due to their high
thermal conductivities and high surface area densities. Extensive investigations have
been carried out for the heat transfer in metal foams. However amost all the previous
investigations worked on the thermal conduction (Calmidi and Mahgan 1999,
Boomsmaand Poulikakos 2001, Zhao et al. 2004), forced convection (Lee et al. 1993,
Camidi and Mahagjan 2000, Kim et a. 2000, Kim et a. 2001, Hwang et al. 2002,
Bhattacharya et al. 2002, Zhao et al 2004, Zhao et a 2005, Phanikumar and Mahajan
2002, Zhao et a. 2006, Lu et a. 2006), thermal radiation (Zhao et a. 2004) and flow
boiling heat transfer (Zhao et al. 2009). For solid/liquid phase change heat transfer in
metal foams, Krishnan et a (2005) numerically investigated the solid/liquid phase
change phenomena by using a two-temperature numerica model. So far, to the
authors  knowledge, there are few experimental test data published in the open
literatures for the latent heat thermal energy storage (Siahpush et a. 2008). In this
paper the solid/liquid phase change heat transfer in metal foams is experimentally



investigated, in order to examine the feasibility of using metal foams to enhance the
heat transfer capability of phase change materials for use with the low-temperature
thermal energy storagesystems. In addition, atwo dimensional numerical analysis has
been carried out, and the prediction results compare with the experimental data.

2. Experimental test apparatus and uncertainty analysis
2.1 Experimental test apparatus

The apparatus used in this study is schematically shown in Figure 1 for charging process
(@) and for discharging process (b). A rectangular copper foam (200x120x25 mm in
dimension, 10 ppi i.e. 10 pores per inch, 95% porosity, with thermal conductivity of
copper being 350 W/m K, provided by Porvair plc. UK), as shown in Figure 2, was
embedded in paraffin wax RT58 (melting temperature 58 °C, thermal conductivity 0.21
W/mK, heat storage capacity 181 kJ/kg measured in temperature range of 48-62°C by the
PCM provider RUBITHERM). The metal foams were sintered with a copper plate, and an
electrical heating film was attached on the bottom surface of the copper plate to provide
the continuous uniform heat flux. The input power can be precisely controlled and
measured by an electrical power meter (Hameg HM8115-2, accuracy +0.5%), thus the
uniform heat flux can be known based on the plate surface and the input power. Nine
thermocoupleswere placed at different locations inside the PCMs to monitor the transient
temperature variation. Three thermocoupleswere placed on the copper sheet to record the
plate temperatures. For data analysis, only the data measured by the four thermocouples
(accuracy £0.1°C) placed in the middie of test sample had been used to exclude the
boundary effect. The undernesth of the heating surface was insulated with Armflex
insulation material and the other surfaces were covered by acrylic sheets which were
transparent for observation. The temperatures and the input power would be
automatically recorded by a data acquisition system. Thus the heat transfer rate and the
thermal storage capacity could be obtained from the analysis of the recorded data To
know the heat transfer enhancement induced by metal foams, the pure paraffin-core
(without metal foams) sample was also measured for comparison. The effect of metal-
foam structures (cell size and porosity) on solid/liquid heat transfer was a'so examined.
During the discharge process, the bottom surface of the test section had been exposed to
three cooling conditions: insulated as in charging process, natural convection and forced

convection. As shown in Figure 1(b), the bottom surface (copper plate) of the test section



was put into a wind tunnel and cooled by the forced air convection. In the test the air

speed in the wind tunnel maintained at 8 m/s.
2.2 Uncertainty analysis

The uncertainty of the test was also performed in this study by using Eq. (1). The total
uncertainty can be attributed to inaccuracies of measurement for input heat flux and

temperature, as well as heat loss. With 6T, being £0.1°C (+0.43%) for thermocouples,
0T, being £0.3°C (x¥1.30%) for the temperature measurement tolerance of 1MP3595,
the uncertainty of power meter being +0.5%, ¢, . being estimated at 2.5 W according to

a heat loss coefficient of 3W/m K for natural convection of air, and g, being 38.4 W (1.6
KW/n?), the overall uncertainty of the test was estimated at 6.67% by using Eq. (1).

2 2 2 2
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3. Experimental r esults and discussions

3.1 IR observation

Prior to the detailed measurements using thermocouples, a picture is taken from the
uncovered top surface by using an infrared camera (ThermaCAM ™, FLIR A40) as
shown in Figure 3. The picture shows the full liquid paraffin state, as the temperature
is well above the melting temperature. From the picture, the cellular structure of the
metal foam is clearly seen. Figure 3(b) showsthe temperature variation along the line
drawn in Figure 3(a). Due to the big difference between the paraffin and metal foam

solid structures, the temperature exhibits periodic variation over the domain.
3.2 Charging process (melting process)

Figure 4(a) presents the result for a PCM sample with the presence of a piece of meta
foam (10 ppi and 95% porosity). It is noted that the wall temperature increases
steadily with a similar rate of paraffin during the whole charging process, exhibiting
quite different phenomena from the pure PCM sample shown in Figure 4(b). This can
be attributed to the high heat conduction through the metal foam solid structures.
Even at the solid state for PCM, the heat input at the bottom surface can still be



quickly transferred to the whole domain of PCM through the solid matrix thermal
conduction, thereby homogenizing the field temperature profile. In melting process
(temperature range of 48-59°C), PCM absorbs a large amount of fusion heat, the
temperature still keeps on rising (not a theoretical constant pressure process), but at a
much slower pace than that of pure solid or pure liquid state where there is no phase

change

To facilitate the understanding of the heat transfer performance, the transient
temperature difference between the heated wall and PCM (paraffin) at different
locations (8 mm, 16 mm, 24 mm from the bottom wall surface) is shown in Figure 5
with the variation of time, while the temperature difference variation with the local
PCM temperature is presented in Figure 6. Both figures indicate that the transient
temperature difference increases in the solid zone, but it drops a few degrees when
local paraffin starts melting. After the local PCM completes the transition from the
solid to liquid state, the temperature difference lines experience a sharp drop. It can be
attributed to the heat transfer enhancement caused by the liquid phase natura
convection effect. Also it is noted from Figure 6 that the upper line rises again after
the initial drop, whereas the bottom line continuously drops before it is flattened.
Since the upper surface exposes to the environment, the rising temperature difference
of the top line (24 mm) at the liquid zone is induced by the cooling effect. On the
contrary, the decreasing temperature difference of the bottom line (8 mm) is caused
by the natural convection enhancement.

Figure 7 shows the effect of heat flux on the temperature difference between the
heated wall and the paraffin a the location of 8 mm from the bottom surface. As
expected, the temperature difference increases with the heat flux (incoming solar
intensity). All four lines for different heat flux exhibit similar behaviours during the

charging process.

The effects of metal foam cell size and relative density (1-porosity) are presented in
Figure 8. As the metal-foam cell size reduces from 10 PPl (pore number per inch) to
30 PPI for agiven relative density 5%, the temperature difference between the heated
wall and the paraffin at the location of 8 mm reduces by 50% at the solid zone due to
the increase of solid heat transfer area. When the relative density increases from 5%



to 15%, the temperature difference can be further reduced by two third, as the heat

transfer is enhanced by twice.

Figure 9 shows the temperature difference variation with time for a pure PCM sample
without metal foams. Compared to the result of the metal foam sample shown in
Figure 5, the heat transfer trend for charging process is quite different. The
temperature difference sharply increases at theinitial stage of heating process. Thisis
caused by the low thermal conductivity of pure paraffin wax (0.21 W/m K), so the
heat applied to the surface cannot be transferred inside quickly. When the wall
temperature rises above the paraffin melting temperature, the solid paraffin near the
heated wall starts melting and changes its state to liquid phase. At the liquid phase
zone, the natural convection takes place and therefore the heat transfer rate is
dramatically increased, thereby continuously reducing the temperature differences
until all the paraffin is melted. The effect of natural convection isso significant that
the temperature difference at the two different locations is very close. The fluctuation
of the temperature difference is caused by the movement of paraffin wax due to the

natural convection.

Figure 10 shows the comparison between the pure paraffin sample and two metal-
foam samples during charging process. Compared to the results of the pure PCM
sample, the effect of metal foam on solid/liquid phase change heat transfer is very
significant, particularly at the solid zone of PCMs, as shown in Figure 1. The heat
transfer rate can be enhanced by 5-20 times. When the PCM start melting, the natura
convection can improve the heat transfer performance, thereby reducing the
temperature difference between the wall and PCM. Even so, the addition of metal-
foam can increase the overall heat transfer rate 3 - 10 times (depending on the metal
foam structures) during the melting process (two-phase zone) and the pure liquid

zone.
3.3 Discharging process (solidification process)

During the cooling process, the top and side surfaces of thetest sample are covered by
the acrylic sheets. The bottom copper sheet is subjected to different cooling
conditions, i.e, natural convection (exposed to the environment) and forced
convection (put in the wind tunnel). The comparison of temperature difference



between the wall temperature and the PCM temperature at the location of 8 mm from
the bottom wall is shown in Figure 11 under the natural and forced convection cooling
conditions. The temperature difference under forced convection is much greater than
that under natural convections for both the meta-foam sample and the pure PCM
sample. It is noted that the lines for the samples with and without metal foams exhibit
quite different trend under the forced convection. For the pure PCM sample, the
cooling effect is transferred to the inside domain very slowly due to the low thermal
conductivity, and this causes the sharp rise of the temperature difference at the initia
stage. However for the meta foam sample, the metal foam structure can quickly
dissipate the heat from the PCM, thereby leading to the decreasing trend. Similar to
the charging process, the temperature difference of the meta foam sample is
significantly reduced, implying that the use of metal foams greatly increases the heat

transfer performance of the PCM.
4. Theoretical analysesfor heat transfer in PCMs
4.1 Problem description

As is shown in Figure 12, PCMs (paraffin wax RT58 is used in this study) are
encapsulated in rectangular metal foams. The sample dimensions are L: in x-direction
and L, in y-direction. PCMs that are embedded into metal foams are heated on the
bottom side through a constant heat flux g, provided by an electric heater, and the
three other boundaries (l€eft, right and top side) are placed in the atmosphere and incur
heat loss into the air, where the heat transfer coefficients arehy, h, and h; respectively.

4.2 Governing equations

A two-dimensiona heat transfer analysis is carried out for PCMs embedded into
metal foams, and the natural convection is not taken into account in this paper. Thus
the physical problem can be described by the following equations, and the interested
readers can refer to the papers(Tian and Zhao 2009) for the details. EQ. (2) and Eq. (3)
show energy equations for metal foams and PCM s respectively.
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The terms on the left hand of these two equations above, stand for changing rate of
temperature T along with time t, and they are caused by thermal diffusion (the first
terms on the right hand) and interstitial heat transfer (the second terms on the right
hand).

Theinitial temperatures for PCMs and metal foams are both T,, and they are heated
by a uniform heat flux of qw at the bottom, which are shown by Eq. (4) and Eq. (5)

respectively.
T(xy.0) =T, (x y.0) =T, @)
JT, (x,0,t
K oT,(x,0,t) k i ( )=—qw o)
oy oy

It is assumed that PCMs have identical temperature with metal foams at the heating
boundary (Zhao et al. 2004), which is shown in Eq. (6).
T (x,0,t) =T (x,0,t) ©)

The temperatures of PCMs at melting front are T,,, (melting temperature of RT58) all

the time.

T, [S(%0,S,(x0,t] =T, )

Eqg. (8) and Eq. (9) show energy balance for PCMs and metal foams on the | eft

boundary.

i E8ED h s, T0y0]=0 ®
dT, (0, y,t

6 0D T T, 0y,0]=0 ©
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Eq. (10) and Eq. (11) show energy balance for PCMs and metal foams on the right

boundary.

4 LD 4 T vn)-0 (10

e eyt [T,-T,(Ly y,0)]=0 (11)
oX

Eq. (12) and Eq. (13) show energy balance for PCMs and metal foams on the top

boundary.

—kg %&Lwtﬁ hy(1-&)[T, -T,(x,L,,)]=0 (12)
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e he [T, T, (x,L,,t)]|=0 (13)

The above equations can be solved only if S(x, y, t) has been given, unfortunately it is
unlikely for usto obtain §x, y, t) beforehand. The function, S(x, y, t), which stands for
moving melting boundary, is being coupled with T(x, y, t). The correlation between
S, y, t) and T(X, y, t) isgiven by Eq. (14) and Eqg. (15), which can be obtained by the

Energy Conservation Law.
d t aT, 1)yt oT, A
oH. £ (Sxd(ty ))=kfe (Sx(;/x) %0 (SX(;/X) Y,
; (14)
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int ™~ sf dt d
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In Eg. (14) and Eq. (15), the terms on the left hand mean marching speed of melting
front; The first terms on the right hand denote the heat given by solid zone of PCMs,
while the second terms on the right hand denote the heat given by fluid zone of PCMs,
The third terms on the right hand mean the heat from metal foams to PCMs. The
superscript “+” means the Right Limit in Mathematics, representing solid zone of
PCMs, while the superscript “-” means the Left Limit in Mathematics, representing

11



fluid zone of PCMs. Here Eq. (14) and Eq. (15) denote x-component and y-component
of melting front function respectively.

4.3 Effective thermal conductivity of metal foams

Metal foams have so complicated interior microstructures that it is hard for us to
accurately capture the heat transfer phenomena within the foam structures. In this
study a three-dimensionally structured model (tetrakaidecahedron) presented by
Boomsma and Poulikakos (2001) has been used to deal with the effective thermal
conductivity of metal foams, as shown in Eq. (16). The involved details are left out in
this paper for brevity, and interested readers could refer to the paper of them (listed in
References) for further details.

‘- V2
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_ 42
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4.4 Numerical procedure

A FDM-based (Finite Difference Method) programme has been developed for dealing
with the phase change heat transfer problem in PCMs embedded into metal foams
aforementioned. The uniform mesh grids are employed, which are 14x112, i.e. 14 for
gpatia grids of y-direction (0.025 m) and 112 for spatial grids of x-direction (0.2 m).
Iterations are aborted when the maximum difference between two successive

iterations is smaller than 10°°.

4.5 Numerical results and discussions

The numerical results have been compared with the corresponding experimental data,

where a piece of rectangular metal foam (200x120x25 mm in dimension, copper foam

12



of 10 ppi and 95% porosity) was embedded in RT58 (melting temperature: 48-62°C,
latent heat of fusion: 181 kJ/kg, according to the PCMs provider RUBITHERM ®).

Figure 13 shows a comparison between numerical results and experimental data. The
symbol “y’ denotes the vertical coordinate of the computational domain, meaning the
distance of local positions away from heating wall. Both numerical results and
experimental data show that PCMs begin to melt around t = 1200 s and finish phase
change around t = 4000 s, and a good agreement between them has been achieved. It
needs to be noticed that the PCMs we used in this experiment are not a sort of proper
crystal material with invariable melting point, this RT58 melts in a temperature range
of 48-62°C according to the PCMs provider RUBITHERM®. However in our
numerical investigations, PCMs are regarded as a sort of phase change materialswith
constant melting point so that a relatively flat melting curve is obtained in numerical
results. Variable melting point of RT58 makes it impossible to achieve a perfect
agreement between numerical results and experimental data, unless the PCMs with
fixed melting point are used. As is shown in Figure 13, the temperatures of RT58
increase more slowly than before, this is because the heat provided is mainly used for
phase change not for sensible heat increasing. After RT58 has fully become liquid
state when temperatures are higher than 62°C, its temperatures begin to increase faster
again, this is because the heat provided is not used for overcoming latent heat of

fusion any more, and only for sensible heat increasing of PCMs.
5. Conclusions

In this paper the heat transfer enhancement is experimentally investigated by
embedding metal foams in the paraffin (RT-58). Compared to the results of the pure
PCMs sample, the effect of metal foam on solid/liquid phase change heat transfer is
very significant, particularly at the solid zone of PCMs and the heat transfer rate can
be enhanced by 5-20 times. When the PCMs start melting, the natural convection can
improve the heat transfer performance, thereby reducing the temperature difference
between the wall and PCM. Even so, the addition of metal-foam can increase the
overal heat transfer rate by 3-10 times (smaller porosity and pore density results in
better heat transfer performance, depending on the metal foam parameters) during the

melting process (two-phase zone) and the pure liquid zone. The tests for investigating

13



the solidification process under different cooling conditions (e.g. natural convection
and forced convection) were carried out. Similar to the charging process, the
temperature difference of the metal foam sample is significantly reduced, implying
that the use of meta foams greatly increases the heat transfer performance of the
PCM. In addition, atwo dimensional numerical analysis has been carried out for heat
transfer enhancement in PCM's by using metal foams, and the prediction results agree

reasonably well with the experimental data.
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Figure 1 Schematic diagram of the experimental apparatus



Figure2 A piece of paraffin sample with copper foam embedded
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Figure 3 A picture taken by an IR camera
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Figure 4 Temperature variations of the bottom wall and the PCM at different locations
during the melting process.
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Figure 5 Temperature difference between the heated wall and the PCM at different
locations during the melting process (1.6KW/m?).

s jj@/\w
g 4
16m k"
AT (K) & -
e S e
4 _\
2 Solid zone Melting zone | Liquid zone
0 : :
20 30 40 50 60 70

| T (°C)
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the melting process (1.6KW/m?).
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Figure 7 Effect of heat flux on the temperature difference between the heated wall
temperature and the PCM temperature at 8mm during the melting process.
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Figure 8 Effect of metal foam structures.
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Figure 9 Variation of temperature difference for a pure PCM sample.
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Figure 10 Comparison between the pure PCM sample and metal-foam samplesduring
the charging (melting) process.
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Figure 12 PCMs embedded into metal foams.
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Figure 13 Results of two-equation model compared with experimental data.



