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The melting process of paraffin wax in a central heating vertical annular cylin-
der was simulated by a numerical model based on the enthalpy-porosity method.
The numerical results were validated against the experimental results. The melting
experiment was performed in a thermostatic water tank which can provide good
initial conditions and constant temperature boundary conditions. The electrical
heating rod located in the central of the cylinder was supposed to provide heating
at a constant power. Good agreements between experimental and numerical heat
transfer data were achieved. Natural convection and melt front interface were well
predicted by simulation. However, considerable differences appeared due to mushy
zone constant in the model. A recommended value of mushy zone constant was
obtained by comparison to the experiment. The influence of thermal conductivity
coefficient was also analyzed numerically.
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Introduction

The melting process is an important part of many manufacturing process like crystal
growth and casting. Thermal storage systems which use the latent heat of phase change mate-
rials (PCM) also take the advantage of melting process. Besides, severe accidents in nuclear
reactors involve with the fuel melting. Thus the experiments on natural convection and thermal
transfer phenomena during melting process and the development of numerical simulation mod-
els are of significant importance.

Quite a lot of experiments have been carried out at various configurations towards
efficient energy storage. The common shapes of the containers are rectangular cavities, spher-
ical capsules, tubes or cylinders (vertical and horizontal). Different heating conditions such as
isothermal heating and constant heat flux are also applied. Zhang et al. [1] conducted experi-
ments about the melting process of n-octadecane (C,3sH;g) held in a rectangular enclosure with
one wall heated by discrete sources at a constant rate and other surfaces being adiabatic. Tan
[2] investigated experimentally the melting of n-octadecane inside a sphere for multiple wall
temperatures and subcooling ranges. Sparrow and Broadbent [3] presented experimental study
for melting of n-eicosane in a vertical tube heated isothermally from its side. Hosseini et al. [4]
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carried out experiments to evaluate the role of buoyancy-driven convection during constrained
melting of PCM inside a shell and tube heat exchanger.

Various techniques have been used in the development of models that describe heat
transfer and the interface evolution during melting process. The main difficulty of the models
lies in the two-phase interface tracking. Basically, two kinds of methods: particle methods and
grid methods are usually implemented to fix this problem. As for particle methods, for instance,
Zhao et al. [5] presented a method to simulate the melting and flowing phenomena with dif-
ferent materials in multiple phases based on a modified lattice Boltzmann method. Carlson [6]
developed a fast and stable system for animating materials like wax, glass, and water that melt,
flow, and solidify with a modification of the Marker-and-Cell algorithm. The grid methods can
be classified into two groups: moving grid method and fixed grid methods. Jana et al. [7] intro-
duced a numerical model using moving grids, which was good at the prediction of a sharp melt-
ing/solidification front. The moving grid methods give high accuracy in predicting the interface
position, but it is more complicated than the fixed grid methods, especially in case of complex
shape of interface, special attention must be paid to the deformation of elements. Uchibori and
Ohshima [8] applied the extended finite element method, a fixed-mesh-method, to evaluating
the melting/solidification process appearing in the nuclear fuel cycle. The enthalpy method de-
veloped by Voller et al. [9] is also based on fixed grid to solve phase change problems.

The present study attempts to provide the results of an experiment of paraffin wax
melting in a central heating vertical annular cylinder as a validation to the enthalpy-porosity
method [10], an extended enthalpy method that is applicable for melting over a temperature
range. The enthalpy-porosity method is quite popular because re-meshing is not required. In
addition, there is only one energy equation during the calculation, thus there is no need to
consider the boundary conditions at the sol-
id-liquid interface. The objective of the cur-
rent study is achieved by a combined approach
which includes an experiment and a complete
numerical solution. The numerical simulation
was performed on ANSYS FLUENT software.
The analysis of numerical results has been con-
ducted, and the influence of the mushy zone
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layers each time, allowing the earlier layer to solidify, to ensure no air bubbles in the PCM.
The final height of the PCM was 20 cm, which was shorter than the height of the enclosure 25
cm, considering the volume expansion of PCM during experiment progression. The enclosure
was then placed into the thermostatic water tank in order to have an initial temperature of the
whole experimental domain. The experiments were subsequently conducted with all TC show-
ing temperature of 323.15 K (50 °C) uniformly within 2 K, and the electrical heating rod started
to provide power at a constant level which was controlled by a transformer. The water bath
continued to provide isothermal boundary condition of 313.15 K throughout the experimental
progression. Tests were performed at 100 W, 150 W, and 200 W, separately.

The paraffin wax used in the current investigation is a mixture, whose phase-transient
temperature is a range. By using differential scanning calorimetry, the melting and solidification
temperatures were obtained (58 °C and 56 °C). Properties of the paraffin wax are listed in tab. 1.
The radius of the electrical heating rod is 16 mm. In terms of the components of the rod, stain-
less steel (thickness = 0.8 mm) is served as the boundary of the rod, and enclosed part is filled
with magnesium oxide (MgO) powder for power dissipating. Thermal resistance wires disperse
in MgO powder. The properties of stainless steel and MgO are listed in tab. 1. The enclosure
(thickness = Smm) of the PCM is made from plastic, whose properties are also listed in tab. 1.
The inner diameter of the enclosure is 8 cm.

Table 1. Physical properties

Propertics (units) puatin | pin | MO | Tl | materl
Density, [kgm™] 900 900 3580 8030 1180
Thermal conductivity, [Wm'K™] 0.25 0.25 60 16.2 0.19
Specific heat capacity, [Jkg'K™'] 6600 2600 800 502.5 1225
Dynamic viscosity, [kgm's™'] - 0.004 - - -
Volume expansion coefficient, [K™'] - 0.001 - - -
Latent heat, [Jkg '] - 210000 - - -

Experimental results

As aresult, fig. 2(a) compares the variations of temperature at different height at radius
=2 cm, for a power level of 100 W. The locations of the TC were quite close to the heating rod,
the distance of which was only 0.4 cm. Initially, the temperatures increased at various heights,
and all exceeded the melting point in the early time. That means the initial stage of PCM melt-
ing was not concerned with height, when the heat transfer was driven by conduction mainly.
As the effects of convection became dominant, the temperature became various along different
height due to the heated flow driven by natural convection near the heating wall. What can be
noted is that there was a period of time when the temperature stayed stable during temperature
rising, and it seems to last longer when the location of the TC was lower. This phenomenon will
be discussed in this paper later.

Figure 2(b) shows the temperature variations at radius = 3 cm, which is the middle
of the PCM. The initial temperature in this figure was not influenced by conduction. The inner
material needed to absorb power to heat itself. So the temperature remained steady at first, and
afterwards a quick rise was observed. This indicated the time of arrival of the solid/liquid inter-
face at these points at radius = 3 cm. During temperature rising, the stable periods still existed
but not so obviously.



Chen, Y., et al.: Experimental and Numerical Study on Melting Process ...

528 THERMAL SCIENCE: Year 2019, Vol. 23, No. 2A, pp. 525-535
400 460
100W| 4204 [150W T IC103) 200W ——1c103
I~ T 1ao] X a0 /—':;_,_Tcm
o 3804 o - = e T TCls | @ T —=—TCi0s
g T TC06 o 400 T 1ci06| 5 420 //27;5/; o Tc0s
] e ai07| 2 7 Tt 1107 ® e -7
© s BN =1 e e = e TC107
5 AT e 1108 B g ] ] TC108| @ 400 A e TC108
Q 360 e Tc109 8 Q s /-'/;.r;/* e
e c1o| 3 £ e s
5 e 1| Eas0 @ 3 L4 _/// o T om0
= s e 1112 g 3601 360 27/ e ——TC1m
340 et : = Fri, / ——TC112
340 340 ijiz%;vﬁ _
it
320 T T r s , . 320 . . . . 320 . T T T
1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 _ 5000
(a) t[s] ts] t[s]
400
— ——TC203 4204 150 W M“,a-—"‘+1c203 <
> e 1c204 = e TQ0 |
;‘ 380 TC205 < // i TC205 <
5 T T—Tc208| 400 iy o m%*lﬁiﬁ?: 2
E 2 p // 5 - TC208 | @
@ © 380 o - 100 Q.
g— 360 g ——Tc2m0| €
= ——TC210| —o—TCcn | Y
2@ ——TC211 g 360 ) g //M—'—TCNZ =
——Tc12| F : "
340 e
3401 j /
320 — 320 r . . ; 320 — r v
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
(b) tls] t[s] tlsl]
400 460
420 =
< X, 440
2 3801 v
g 380 400 3 420
= I
2 380 @ 400
@ a
Q 3607 £
€ S 380
& 360 @
360
3401
340 340
320 T T v - : r 320 T - . : 320 . - . r
0 1000 2000 3000 4000 5000 6000 7000 O 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000

(© tls] t[s] tls]
Figure 2. Temperature variations; (a) radius =2 cm, (b) radius = 3 cm, and (c) radius =4 cm

Figure 2(c) illustrates the temperature variations at radius = 4 cm, near the enclosure
wall. The temperature variations were similar to the trend in fig. 2(b), except that there was no
sign of stable period when temperature rising in fig. 2(c).

Numerical model

In the enthalpy-porosity method, the energy equation is written in terms of sensible enthal-
py instead of temperature. Therefore, the latent heat is treated as enthalpy rise. During the calculating
process, the phase of the PCM is distinguished by the enthalpy calculated in the whole computa-
tional domain without tracking the phase change interface explicitly. However, there is a problem
coming up that is how to make the velocity of the solid zone equals zero since the same momentum
equation is solved in the entire computational domain. A concept called mushy zone was proposed,
and it treats the zone where the temperature is between the solidification point, 7y, and the melting
point, 7;, as a porous zone. The velocity is dragged in the porous zone and becoming slower. Solid
zone is where the porosity equals one, thus the velocity of solid zone nearly equals zero.

The governing conservation equations are listed:

1
2—’t’+V(pﬁ)=o (M

a—p(pu)+V(piiu) =V(,uVu)—a—P+Au @)
ot ox
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d _
a(ph) +V(piih) = V(aVh)+S, “4)

where i = (u, v) is the velocity vector and 4 is the term that controls the velocity in the mushy
zone and solid zone. The definition of it mimics the Carman-Kozeny equations for flow in a
porous media.
_ 2
4= CU=5) (5)
B +b

where b =0.001 is just a constant in order to avoid denominator equaling zero, and C is mushy
zone constant which is the only changeable parameter in the melting/solidification model of
ANSYS FLUENT. The density of PCM decreases during the melting process when the tem-
perature rises. Therefore, the Boussinesq approximation is implemented into this method that
density of PCM is treated as constant, and the thermal expansion coefficient, a,, is only used in
the gravity source term S,.

Sb — P84, (h — href) (6)

c

P

The latent heat is accounted for on defining the energy equation source term:

0
_0 . 7
S, = -(PAH) + V(piiAH) ) Adiabat

|
ket
where AH = SL, and the definition of £ is: Y Ny
0 T<T, ‘ ‘
ﬂ: (T_T;ol)/(];iq_]-svol) 7;01<T<7;iq (8)

1 T>T

liq

Numerical simulation

Axial symmetry of the physical model was assumed for the !sothermal g
. . h . . T=323.15K]| Axis

computational domain presented in fig. 1(b). For the properties during \ ‘
the calculation, it was assumed that both solid and liquid phases were
homogeneous and isotropic, and the melting process was axisymmet-
ric. The molten PCM was incompressible Newtonian fluids, and lam-
inar flow was assumed in natural convection. The power imposed to
the heating rob was treated as volume heat flux of the entire volume
of MgO powder. Providing that the thermostatic water tank kept the
boundary of experiment cell at a constant temperature (7,= 323.15 K),
and the bottom and top of the heating rod was adiabatic. Thus the
boundary conditions for the computational domain are listed in | K
fig. 3. The initial temperature of the entire computational domain is S
Ti=323.15 K. Adiabat
. A 2-D model was l?uilt with structured grids. A gl.rid sepsitiv— Figure 3. Boundary
ity study was done by using 8400, 15500, and 32800 grids with the  ¢onditions for
first layer of 0.2 mm. The time-wise melt fraction result is shown  simulation
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in fig. 4(a), and the difference between 8400 and 15500, 15500 and 32800 grids is illustrated
in fig. 4(b). Based on these results, the 15500 grids were chosen for all computations. The
pressure-velocity coupling scheme was SIMPLE, and the pressure discretization scheme was
standard. Convergence of the solution was checked at each time step, with the convergence
criterion of 107 for the continuity, 10~ for velocity components, and 10 for energy. The time
step in the calculation was 0.1 second. It took nearly a week of computing with an Intel core
15-3450 CPU at 3.10 GHz and 3.88 G of RAM.
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Figure 4. Grid sensitivity; (a) melt fraction variations, (b) melt fraction difference variations

The significance of the enclosure to the simulation results was analyzed. If the enclo-
sure part was not included in the computational domain, a steady-state would be reached in the
simulation results. Figure 5 compares the melt fraction under the simulation conditions with
and without the enclosure. The steady-state of the non-enclosure condition started at about 3500
seconds. The melt front evolution without the enclosure is shown in fig. 6 (red for liquid paraf-
fin and blue for solid paraffin). Compared with fig. 9 (melt front evolution with the enclosure),
it is clear that the thermal resistance of the enclosure is of important significance to the heat
transfer process during the simulation of melting.
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Figure 5. Comparison of melt fraction Figure 6. Melt front evolution of simulation

without the enclosure

The mushy zone constant, C, in the momentum equation is a significant parameter
for accurately modeling phase change phenomena. It reflects the kinetic process in the mushy
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zone and the solid zone of the model, thus it affects the melting progression in the simulation.
The C = 10°-107 is recommended by ANSYS FLUENT [11], also C = 10® is recommended by
Shmueli [12] in melting in a vertical cylindrical tube. According to Kheirabad and Groulx [13],
higher C values correspond to delay melting of PCM. In the present study, the effectiveness
of C is analyzed in terms of velocity, melt fraction, and temperature of PCM. The values of C
investigated in this study are 10°, 10, 107, and 10%, with the power of 100 W.

Figure 7 compares the velocity variations using different values of C. As a damping
term, C made the velocity of the solid regions pretty slow, and it shows that for every increase in
C by a factor of 10, the value of velocity within the solid zone was decreased by a factor of 0.1.
Then the velocity increased when the melting interface arrived. Finally the velocity remained
stable, and the stable velocity was not related to the value of C. As can see from fig. 7(a), PCM
began to melt early when C = 105 at higher height (18 cm). However, PCM seemed to delay
melting when C =107 at a lower height (6 cm), shown in fig. 7(c). That means small values of C
can promote natural convection, bringing more heat to the upper zone, accelerating the melting
progression of PCM at higher places and slowing down the melting process at lower place.
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Figure 7. Velocities variations at radius = 2 cm; (a) height = 18 cm, (b) height = 12c¢m,
and (c) height=6cm
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Figure 8 presents the simulated melt frac-
tions for different values of C. One can see from
the figure that few differences can be found in
melt fraction between values of C. Therefore, in
the melting process of a central heating cylinder,
C can barely affect the melt fraction. However, C 044
dose affect the melt front evolution, as shown in
fig. 9. Compared the shape of the liquid (shown in
red) at various stages of melting in simulation, one 00 . . . .
can see that the influence of natural convection is 0 1000 2000 3000 4000 5000
more obvious when the value of C is smaller. . ) L

The temperature of the PCM would rise Figure 8. Melt fraction variations
unless stable-state has been reached. According to the temperature data of the experiment,
stable-state does not exist in this experimental condition. Figure 10 shows the simulated
variations of maximum temperature of the PCM region with time. At the early stage, heat
transfer was controlled by conduction, therefore temperature increased sharply. Then came
into a stage where conduction transferred into natural convection. Finally, natural convection
became dominant. The rate of temperature rise became slow, and one can see that it entered
into the convection stage early when C = 10°. In order to find a proper mushy zone constant,
C, that better simulates the experimental condition in this study, temperature data of TC 203,
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204, 303, and 304 were chosen to compare with
the simulation results, as shown in fig. 11. The
reason why the previously mentioned TC were
selected is that they are at the top of the PCM
region, where can be affected by natural convec-
tion at early time. The temperature evolution in
fig. 11 illustrates that the simulation with C = 10°
matched the experimental data most, especially
at TC204. During last 2000, simulated values
were generally larger than experimental, and
that was caused by the accumulation of thermal
losses in the experiment. Figure 12 compares
the computational and experimental results with
C = 10° The simulation described the melting
process well at higher locations of the PCM,
however, at lower places melting process in sim-
‘ = ulation was later than the realistic condition.
Figure 9. Melt front evolution (red for Other than power level of 100 W, tests under
liquid, blue for solid) (for color image see 150 W and 200 W also proved that C = 10° was
Jjournal web site) . . . .
suitable in this study, shown in fig. 13.

With C = 10°, sensitivity analysis was conducted. In order to find the causes to the
phenomena of temperature stable periods shown in fig. 2(a), properties of the paraffin wax
during the numerical simulation were changed for discussion. The temperature variation re-
sults of numerical simulation in fig. 14(a) were with authentic properties used for compari-
son. When increasing the thermal conductivity of the paraffin wax to 20 W/mK, the tempera-
ture variations turned into fig. 14(b), where the temperature stable periods still existed. When
increasing both thermal conductivity to 20 W/mK and viscosity to 2 kg/ms, temperature
variations depicted in fig. 14(c), there was no temperature stable period anymore. Under this
computational condition of fig. 14(c), the paraffin wax melt totally at 1178 seconds, and the
melting process was basically driven by thermal conduction. Therefore, one can say that it
was the natural convection that caused the phenomena of temperature stable period. The heat
flux was brought to the upper zone due to the natural convection, thus temperature remained
stable temporarily at some points.
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Thermal conductivity is of significance to the melting progression. Different thermal
conductivity (k= 0.2, 0.25, 0.3 W/mK) were applied in the simulation to analyze the effective-
ness. Figure 15 compares melt fractions with time at different thermal conductivities under a
power level of 200 W. According to the simulation results, the speed on melting of PCM was
faster when &£ = 0.3 W/m'K. Compared with £ =0.25 W/mK, it saved 6% of the time for entire
melting when £ = 0.3 W/m'K. Furthermore, the maximum temperature of PCM, shown in fig.
16, at k= 0.3 W/mK was approximately 9 K lower than the simulation with £ =0.25 W/mK af-
ter natural convection built up. Therefore, larger values of the thermal conductivity coefficients
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contribute to reducing the increase of the maximum temperature during melting process. The
material with larger thermal conductivity benefits decreasing the maximum temperature during
melting.
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Figure 14. Temperature variations of different height at radius = 2 cm; (a) authentic properties,
(b) thermal conductivity =20 W/mK, and (c) thermal conductivity = 20 W/mK and viscosity = 2 kg/ms
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Conclusions

This paper described an experimental and computational study of PCM melting in a
central heating annular cylinder with constant heat flux source and constant temperature water
bath outside of the enclosure. The numerical simulation was carried out using an enthalpy-po-
rosity method. Agreements were obtained in temperature variations.

The experiments provided temperature data at different levels of power. Comparing
the temperature evolution along the radius, the temperature rise where near the heating rod was
mainly controlled by conduction at the early stage. Later on, heat transfer over the upper part of
the PCM was promoted after buoyancy induced natural convection was built.

During the simulated calculation, the effectiveness of mushy zone constant, C, was
analyzed in terms of velocity, melt fraction, and temperature. It turns out that small values of C
contribute to the building of natural convection. Also the effect of natural convection tends to be
obvious when C is small. In order to find a suitable mushy zone constant to simulate the melting
process under the experimental condition, temperature details obtained by numerical simulation
were compared with experiment data. As a result, C = 10° was recommended, and quantita-
tive agreements were achieved, which was also validated at different power levels. Moreover,
through the discussion of changing the properties of paraffin wax, results showed that it was the
natural convection that caused the phenomena of temperature stable period during the tempera-
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ture variations where near the heating rod. The influence of thermal conductivity to the melting
progression was also analyzed, and it is predicted that larger thermal conductivity accelerates
the melting process and decreases the maximum temperature.
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Nomenclature
b  —constant, [] Greek symbols
C —mushy zone constant, [] o —thermal diffusivity, [m?s]
¢, —specific heat capacity, [Jkg 'K '] a, — thermal expansion coefficient, [K™]
g — gravitational acceleration, [ms™] f  —liquid fraction, [—]
h  —enthalpy, [Jkg™'] p  —density, [kgm™]
k  —thermal conductivity, [Wm'K™] 4 —dynamic viscosity, [kgm's™']
L - latent heat, [Jkg] )
P —pressure, [Pa] Subscripts
T —temperature, [K] ini — initial
t —time, [s] lig —liquid point
u  —velocity component in x-direction, [m'] o —outer boundary
v —velocity component in y-direction, [ms™'] ref —reference state
x  —horizontal co-ordinate, [m] sol —solid point
y  —vertical co-ordinate, [m]
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