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Abstract: Based on the finite volume method and the enthalpy-
porous model, the solid-liquid phase change of sodium in the
combined wick is numerically studied. The one-temperature
model is used since the thermal conductivity of sodium is close
to that of the combined wick materials. The non-Darcy law
and natural convection in the melting process are taken into
account. The results show that a thin metal fiber felt in the
combined wick can result in a faster melting rate of the sodium
and a shorter time for the molten sodium to reach the
maximum velocity, which can shorten the time for the high-
temperature heat pipe startup. A thick metal fiber felt in the
combined wick can result in a uniform temperature distribution
in the vertical heating wall and a small wall temperature
difference, which can reduce the possibility of an overheat
spot.
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combined wick;

etal sodium embedded in the porous media of a

heat pipe wick is initially in a solid state before the
high-temperature heat pipe startup'''. When power is ap-
plied to the evaporator section of the heat pipe, metal so-
dium in the porous media begins to melt, and natural
convection takes place in the molten region because of the
density difference of the molten sodium under the gravita-
tional field. The natural convection heat transfer has im-
portant effects on the motion speed and shape of the sol-
id/liquid phase change interface, and then further influ-
ences the high-temperature heat pipe startup process.
Thus, the study on the solid-liquid phase change in por-
ous media has attracted considerable attention'>.
! conducted experimental and nu-
merical investigations on the metal gallium phase change
in porous media of glass beads. Natural convection was
taken into account, and the heat transfer was ignored be-
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tween the porous media and the phase change materials on
account of the thermal diffusivity being in the same order
of magnitude. The numerical results of the solid-liquid
phase change interface shape and temperature distribution
with a one-temperature model agreed reasonably well with
the experimental results. However, if the thermal diffu-
sivity of the porous media exceeds significantly that of the
phase change materials, the heat transfer between them
should not be ignored. Yang et al. "™ used a two-tempera-
ture model to simulate numerically solid-liquid phase
change in the porous media, accounting for the thermal
non-equilibrium between the phase change materials and
the metal foam. They found that interstitial heat transfer
can enhance the melting process significantly and improve
the overall heat transfer rate. Volume expansion of the
phase change materials during melting caused an extra
flow that suppressed the propagation of the melting front,
and consequently decreased the melting rate. Li et al. "
developed a two-equation physical and mathematical
model to describe the solid-liquid phase change process in
the porous metallic foam. The natural convection of mol-
ten paraffin and the local thermal non-equilibrium be-
tween the porous metallic foam and the paraffin were
taken into account. The study found that under the same
pore density of the metallic foam, a smaller porosity,
which had a greater effective thermal conductivity, can
result in a higher melting rate.

This paper mainly studies the solid-liquid phase change
of metal sodium in the porous media of the combined
wick of the high-temperature heat pipe'”'"'. The com-
bined wick porous media is initially filled with solid sodi-
um, and it melts gradually in the startup process from its
frozen state. The melting time of solid sodium and the
temperature distribution both have an effect on the high-
temperature heat pipe startup process. Therefore, it is
necessary to investigate the solid-liquid sodium phase
change process in porous media of the combined wick.
The solid-liquid sodium phase change process in the com-
bined wick is numerically studied using the finite volume
method and enthalpy-porous model. Since the thermal
conductivity of the sodium and that of the combined wick
(314L stainless steel) are in the same order of magni-
tudes, one-temperature model is applied "”' to the current
model. The non-Darcy law and the natural convection of
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liquid sodium are also taken into account. Issues investi-
gated and discussed in this paper include the velocity
field, the temperature profiles, and the motion rate of the
phase change interface.

1 Mathematical Formulation and Physical Model
1.1 Physical model

In this paper, the combined wick!"" is defined as a
whole porous media, in which the phase change process
of sodium is discussed. The metal fiber felt thickness & in
the combined wick has three sizes: 2, 3 and 4 mm. The
permeabilities of the combined wick with § of 2, 3 and 4
mm are about 3.37 x 107", 2.46 x 10", and 1. 05 x
107" m’, respectively''".

The physical model used is shown in Fig. 1. The com-
putational domain taken randomly from the combined
wick is 100 mm x 100 mm, which is filled uniformly
with the rigid, porous media saturated with the solid sodi-
um. We only simulate the initial state of the high-temper-
ature heat pipe startup from the frozen state, namely the
process of the solid sodium melting. In order to simulate
the operating conditions of the high-temperature heat
pipe, the heat flux boundary condition is used. The heat
flux on the wall W, is 63 kW/m’. The other three faces
are adiabatic. Initially, the model was at a uniform tem-
perature of 30 C.

L

Adiabatic
Solid/liquid

zone

Melt region &

Adiabatic
Fig.1 Schematic illustration of the physical model

1.2 Mathematical Model
1.2.1 Assumptions

The following simplifying assumptions are made to ob-
tain the volume averaged conservation equations:

1) The flow and heat transfer are two-dimensional and
laminar.

2) The porous media and fluid are incompressible and
the Boussinesq approximation can be invoked.

3) The porous media and the sodium ( solid or liquid)
are at a local thermal equilibrium.
1.2.2 Governing equation

Porous media is modeled by adding a momentum
source term to the standard fluid flow equations. The
source term is composed of two parts: a viscous loss term
and an inertial loss term:

5 = - m G
K, VK,

where i represents the x or y directions; S, is the source

Ul |, (1)

term; w, is the dynamic viscosity; | U | is the magnitude
of the velocity; K, is the permeability of the porous
media; p, is the density of fluid and C;, is the inertial re-
sistance factor. According to Darcy’s law',
flows through porous media, the viscous loss term in the
source term is typically proportional to the velocity, and
the inertial resistance factor C; can be considered to be
zero. According to Darcy-Forchheimer’s law "', the
inertial resistance factor C;, in Eq. (1) provides a correc-
tion for inertial losses in the porous media in turbulent
flows.

in laminar

According to the above assumptions, the volume aver-
aged conservation equations are
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Prou 1 _
5o & [VipUw) ] = (3)
_ap g (B PGy
ax s (K VK, [ Ju
prov 1 _ o HFig
S ot +62[V(p1UV)] = 6y+ 5V v (4)

C,
(&4—’)]7“ ‘ U ‘ )v+p1gﬁ(T_Tmell)

KUK,

el + (1=y)ph) +(1=2)p,h, ] + (5)
V. (phU) =V (k;VT)

where U is the velocity vector;p is the pressure;f is the
coefficient of thermal expansion; and T, is the melting
temperature of the sodium; ¢ is the fraction fluid in the
volume element ( that is, porosity), & = V,/V; vy is the
fraction liquid in fluid, y(¢) =V,(t)/V,; & is the frac-
tion liquid in the volume element, §(¢) =V, (t)/V =

ey(t).
2 Results and Discussion

2.1 Model validation

In order to validate the current model, we numerically
simulate the experiment in Ref. [ 7], and then compare
the numerical results with the experimental ones at various
times. According to the experiment conditions, the tem-
peratures on the hot and cold walls (W, and W,) are 45
and 20 °C, respectively, and the other walls are main-
tained adiabatic. The height and width of the computa-
tional domain are both 100 mm, with the porosity of
0.39. The density of the glass spheres is 2 343 kg/m’;
the thermal capacity is 813.56 J/ (kg + K) and the ther-
mal conductivity is 0. 79 W/ (m - K). The melting point
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of gallium is 302. 93 K; the density is 6 095 kg/m’; the
thermal capacity is 397. 91 J/ (kg - K) ; the latent heat of
melting is 80.16 kJ/kg; the thermal conductivity is
17.39 t0 29.26 W/(m - K) ; and the coefficient of ther-
mal expansion is 6.31 x 10 °1/K. The x and y coordi-
nates and the temperature 7 are all transformed into di-
mensionless parameters in order to compare and observe
T - TWI

them easily; namely, X:%,Y:%,Hi = Tl T,

w2

Figs.2 and 3 show the comparisons of the evolution of
the melting front and temperature profiles between the
present model and the experimental results in Ref. [7].
From Fig.2 (t=1 to 5 min) and Fig.3(a), the devia-
tion between the numerical simulation results and experi-
mental ones in the early melting process is due to the une-
ven packing of the glass beads at the top of the computa-
tional domain. The loose packing causes the local volume
fraction of gallium to be larger near the top than in the
lower layers, which requires a larger amount of heat to
melt them and can explain the slower advance of the melt-
ing front. Later in the process (=20 min), the melting
rate of gallium is greatly reduced due to the lower temper-
ature gradients. As the melting rate decreases, the heat
transfer is dominated by conduction and convection, and
the effect of the uneven packing of glass beads ( volume
fraction of gallium) on the temperature profile and melt-
ing front is greatly diminished. Under these conditions, a
good agreement is observed between the measured and
predicted melting front locations and temperature profiles,
as shown in Fig.2 (=20 min) and Fig.3(b).
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Fig.2 Comparison of the evolution of the melting front

From the above analysis, the current model is valid and
can be applied to study a sodium melting process in the
porous media of the combined wick.

2.2 Relationship between the structure and the mot-
ion speed of the melting front

Fig. 4 illustrates the evolution of the melting front in
the combined wick with different §. In the initial stage of
melting, the melting front of sodium moves from the left
wall to the right wall gradually. It can be seen that a thin-
ner § results in a higher melting rate in the combined
wick. The reason is, on the one hand, that the flow re-

sistance becomes less in the combined wick when a thin-
ner § results in a larger permeability. On the other hand,
the porosity of the combined wick is less when § is thin-
ner. Less porosity means less solid sodium embedded in
the combined wick; thus the absorbed heat is less under
the melting process of sodium. The motion speed of the
melting front is faster.
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Fig.3 Comparison of experimental results in Ref. [ 7] and nu-
merical results from proposed model. (a) t=35 min; (b) =20
min
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Fig.4 Comparison of the evolution of the melting front in the
combined wick with different §

Due to the above reasons, the sodium will have a high-
er melting rate in the combined wick with a thinner §,
and the heat transfer rate is also higher and then the time
for the high-temperature heat pipe startup becomes shor-
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ter. It is very important when requiring a fast startup.
2.3 Distribution of temperature and velocity

In the process of the sodium melting, the temperature
profiles and the distribution of fluid flow in the combined
wick with § of 2, 3 or 4 mm are similar, and thus we on-
ly discuss the phase change process in the combined wick
with § of 2 mm in this paper.

Fig.5 shows the temperature profiles of three different
vertical sections in the combined wick with § of 2 mm of
180 and 220 s, respectively. The melting point of sodium
is about 370. 97 K. The corresponding predicted stream-
lines are shown in Fig. 6.
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Fig.5 Temperature profiles of three different vertical sections
in the combined wick with § of 2 mm. (a) r=180s;(b) r=220s

From Figs.5(a) and (b), it can be seen that the tem-
perature difference between the top of the model (y =
0.099 m) and the bottom of the model (y =0.001 m)
becomes larger and larger with the melting process. The
reason is that the sodium close to the heating wall melts
first in the initial period; the melting front is almost par-
allel to the heating wall indicating a conduction dominated
melting process; thus the temperature difference at the
heating wall is very small, as shown in Fig.6(a). After
the initial period, with the amount of molten sodium in-
creasing continuously, buoyancy induced convection heat
transfer in the melting becomes increasingly significant,
and the melting front gradually becomes the typical shape
of convection dominated melting, as shown in Fig.6(b).
The melting front moves faster near the top where the lig-

uid, heated by the hot wall, flows in constantly. Howev-
er, the melting rate decreases toward the bottom, because
the liquid cools as it descends along the interface.
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Fig.6 Velocity fields in the combined wick with § of 2 mm.
(a) t=180 s;(b) t=220s

2.4 Effect of the wick structure on the temperature
distribution

Fig.7 shows the temperature distribution of the heating
wall with different y-coordinates in the combined wick
with different § in the sodium melting period. It can be
seen that with the melting process, the heating wall tem-
perature difference becomes larger and larger. In the ini-
tial period, the temperature distribution on the heating
wall is uniform, thus the temperatures at different y-coor-
dinates are almost the same, as shown in Fig.7 (¢t =0 to
180 s). With the amount of molten sodium increasing,
the convection induced by the density difference becomes
more and more significant. The hot upward flow of liquid
sodium results in a higher melting rate in the upper re-
gion, so the non-uniform temperature distribution on the
heating wall appears. As shown in Fig. 7, the temperature
differences between y =0. 001 m and y =0.099 m in the
heating wall of the combined wick are about 14. 10, 8. 83
and 6. 07 K corresponding to § of 2,3 and 4 mm, respec-
tively, for r =280 s. It is observed that a thicker § in the
combined wick can lead to a more uniform temperature
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distribution in the vertical heating wall, and a smaller
temperature difference. In most cases, when the tempera-
ture distribution in the heating wall is uneven, the over-
heat spot will likely appear and the process of the high-
temperature heat pipe startup may fail. Therefore, a thic-
ker § is beneficial.
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Fig.7 The variation of the temperature distribution in the heat-
ing wall W,

2.5 Relationship between structure of the combined
wick and melting rate

Fig. 8 shows the variation of the maximum velocity of
molten sodium in the process of sodium melting in the
combined wick with different 5. It can be seen that in the
process of sodium melting there are three obvious stages
for the maximum velocity variation, namely, appear-
ance, increasing and decreasing. The maximum velocity
of molten sodium increases first, reaches the peak value
and then decreases. The peak values in the combined
wick with § of 2, 3 and 4 mm are about 0.002 55,
0.001 68 and 0. 001 26 m/s, respectively, and the corre-
sponding times are 320, 340 and 350 s, respectively. The
reason is, first, that a thicker § in the combined wick will
result in a higher flow resistance, and thus the maximum

3.0f  8/mm
—2
~ 2.5t ~°°3
- =4
2.0t

Maximum velocity of moltren
sodium/ (10 ~3m -
=

0 50
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Fig.8 Variation of the maximum velocity of molten sodium in
the process of sodium melting in the combined wick with differ-
ent §

velocity in the melting process of sodium is smaller. Sec-
ondly, the porosity of the combined wick is larger when &
is thicker, and the amount of solid sodium embedded in
the combined wick is larger, and thus the amount of ab-
sorbed heat is larger under the melting process of sodium.

From the above, the heat transfer capability of the
combined wick will weaken with thickening the metal fi-
ber felt, and the maximum velocity of molten sodium will
take more time to reach its peak value.

3 Conclusions

1) With a thinner §, the melting rate is higher, and it
will take less time for the molten sodium to reach the
maximum velocity.

2) Due to the natural convection, the hot upward flow
of the liquid sodium results in a higher melting rate and
temperature in the upper region of the combined wick
than those of the bottom.

3) The temperature distribution in the vertical heating
wall W, is more uniform in the thicker metal fiber felt of
the combined wick.

In conclusion, if the melting rate of sodium in the
combined wick with a thinner § is high, then the time of
the high-temperature heat pipe startup can be shortened.
However, a thinner § will result in a more nonuniform
temperature distribution of the heating wall, which in-
creases the possibility of an overheat spot and influences
the property of the high-temperature heat pipe. As a re-
sult,
pipes, the above factors need to be considered fully.

in the design process of high-temperature heat
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