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The dynamical and thermal performances of molten salt pipe during the filling process are numerically
investigated using volume of fluid model. The whole filling process has three main stages, or the devel-
oping stage with the interface width quickly increasing, the fluctuating stage with the interface width
fluctuating and the fully developed stage with stable interface, and then associated interface structures,
flow and temperature fields are described in detail. Before the molten salt flows through a certain posi-
tion, the fluid temperature will jump within a short time, while the wall temperature only linearly
increases after that. The heat transport during the filling process is mainly dependent upon the pipe wall
and molten salt flow, while natural convection outside can almost be ignored. The dimensionless inter-
face temperature has similar evolution process under different surrounding temperatures, but it will
apparently increase with the flow velocity rising. In addition, the pipe will be blocked when the interface
temperature drops below the freezing point, so a model of penetration distance is derived by correlating
the interface temperature evolution process, and it has a good agreement with available experimental
results.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In modern society, the energy resource shortage and environ-
mental pollution have become critical problems, so there is an
urgent demand for clean and renewable energy. Since the renew-
able energy, as solar or biology energies, has the characteristics
of dispersity and discontinuity, the thermal energy storage is an
important technology. Recently, the molten salts at high tempera-
ture have been widely employed to improve the heat transfer
performance of thermal storage devices and/or meet the increasing
demand of high heat removal and storage in aerospace science and
technology [1], solar thermal power [2,3], and other industrial
applications. The molten salts have many advantages including
large thermal capacity, high chemical stability, low viscosity and
a wide range of operating temperature, and it has been proposed
as a suitable medium for thermal storage and cycle fluid at high
temperature.

The filling process is an important problem in the startup stage
of molten salt system, and it has many scientific topics of flow
dynamics, heat transfer, and phase change phenomena. Since the
freezing point of molten inorganic salts is usually not high enough,
the molten salt freezing phenomenon is a serious problem. In the
startup stage of the molten salt system, the molten salt probably
freezes when it flows along the cold pipe. Pacheco et al. [4] inves-
tigated cold fill experiments by flowing molten salt through cold
ll rights reserved.

: +86 10 39332319.
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panels, and the transient thermal responses and penetration dis-
tance were also measured. Pacheco and Dunkin [5] further consid-
ered the effects of a molten salt receiver freeze-up and recovery
event. Available literature has presented experimental results
and associated analyses about the molten salt freezing phenomena,
but few researchers have conducted theoretical analyses and
numerical simulation on the basic dynamical and thermal perfor-
mance of the molten salt filling process.

The filling process is mainly a multiphase flow process as the
molten salt replacing the air in the pipe system. As a transient pro-
cess, it is not easy to measure the local dynamical and thermal
parameters in detail, so the numerical method can benefit the
investigation. In last decade, numerical method is increasing and
widely developed to investigate the multiphase flow. A series of
numerical methods was proposed to simulate the phase boundary
in various problems, as VOF (volume of fluid) [6,7], CIP (the con-
strained interpolation profile) [8] and phase field method [9].
Tseng et al. [10] calculated the fluid filling into micro-fabricated
reservoirs by VOF and CSF (continuum surface force model). Alex-
androu et al. [11] studied the Bingham fluid filling of a 2D cavity
using PAM-CAST/SIMULOR, which was modified by introducing a
regularized Bingham fluid constitutive relation, and then identified
five different flow patterns. Shin and Lee [12] proposed a modified
volume of fluid method based on four node elements in 2D
geometry for its compatibility with the irregular meshes, and the
mold filling process was studied to demonstrate the effectiveness
of the proposed numerical scheme. Katzarov [13] used the finite
element method to simulate 3D form filling process with
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Nomenclature

c thermal capacity ðJ kg�1 K�1Þ
E apparent energy ðJ kg�1Þ
g gravity acceleration ðm s�2Þ
H thickness (m)
h heat transfer coefficient ðW m�2 K�1Þ
P pressure (Pa)
q heat flux ðW m�2Þ
R1 inner pipe radius (m)
R2 outer pipe radius (m)
S mass source due to phase change ðkg s�1 m�3Þ
T temperature (K)
t time (s)
u velocity ðm s�1Þ
v velocity ðm s�1Þ
W interface width (m)

x; y; z coordinate (m)

Greek symbols
a volume fraction (–)
q density ðkg m�3Þ
k thermal conductivity ðW m�1 K�1Þ
h dimensionless temperature (–)
l viscosity ðkg m�1 s�1Þ

Subscripts
0 inlet condition, initial condition
g gas phase
l liquid phase
s solid phase, surrounding condition
i interface

Table 1
Properties of molten salt, air and steel in present simulation.

Molten salt Air Steel

ql 1940 kg m�3 qg 1:225 kg m�3 qs 8030 kg�1 m�3

cl 1510 J kg�1 K�1 cg 1006 J kg�1 K�1 cs 502:48 J kg�1 K�1

kl 0:571 W m�1 K�1 kg 0:0242 W m�1 K�1 ks 16:27 W m�1 K�1

ll �0:000021Tþ
0:0154 kg m�1 s�1

lg 0:000017854 kg m�1 s�1
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incompressible fluid. In addition, the molten salt filling process and
associated heat transfer characteristics need further investigation
using the numerical method.

This paper mainly presents numerical simulations and analyses
on the dynamical and thermal performance of molten salt pipe
during filling process. The filling process is simulated using volume
of fluid model (VOF) and the standard k–e model. The basic inter-
face structures, flow and temperature fields of molten salt system
are presented during the whole filling process, and the characteris-
tics of the temperature evolution and heat flux distribution are fur-
ther described. In order to consider the freezing phenomena during
filling process, the interface temperature evolution characteristics
are studied under different surrounding temperatures and flow
velocities, and then the penetration distance model of the molten
salt is also proposed.

2. Physical and mathematical description

2.1. Basic physical model

In order to demonstrate the filling process of molten salt in a
straight pipe in detail, a Cartesian coordinate system is established
in Fig. 1. The inner and outer radii of the pipe made of steel are R1

and R2 or 0.008 m and 0.010 m, respectively, while its length is
5 m. The heat transfer coefficient outside the pipe is h with the sur-
rounding temperature Ts, and the gravity acceleration g is
9:8 m s�2.

In many heat storage systems, a widely used medium is HITEC
heat transfer salt composed of potassium nitrate, sodium nitrite,
and sodium nitrate. The properties of the molten salt [14], air
and steel [15] are assumed constant except the viscosity of the
molten salt, as illustrated in Table 1. The freezing point Tf and la-
tent heat of molten salt hsl are, respectively, 413 K and 59 kJ kg�1.
During the filling process of molten salt in the pipe, the velocity
is 1–3 m/s, and the Reynolds number is about 6000–18,000, so
R2

R1

surrounding temperature Ts

x

y 

x 

z 

g

heat transfer coefficient h

Fig. 1. The basic physical model of the filling process.
the standard k–e model is adopted to analyze the filling process
in this simulation.

2.2. Governing equation

The filling process in present article will be numerically investi-
gated using volume of fluid model (VOF). In VOF model, the infor-
mation on phase distribution can be directly extracted from the
volume fractions, and volume fractions of all phases sum to unity:

al þ ag ¼ 1 ð1Þ

where the primary phase is air with volume fraction ag , and the sec-
ondary phase is molten salt with volume fraction al. At initial time,
al reaches the minimum value of 0, and it will increase to the max-
imum value of 1 as the filling process going on. At the phase inter-
face, al and ag varies between 0 and 1.

The tracking of the interface between the two phases can be
accomplished by the solution of continuity equations for the vol-
ume fraction of two phases. For the liquid and gas phases, the
equations are:

@al

@t
þ vral ¼

Sl

ql
ð2aÞ

@ag

@t
þ vrag ¼

Sg

ql
ð2bÞ

In present investigation, Sl ¼ Sg ¼ 0.
The momentum equation including the gravity acceleration ef-

fect is

@ðqvÞ
@t

þrðqvvÞ ¼ �rpþr lðrv þrvTÞ
� �

þ qg � j ð3Þ

where j denotes vertical direction y.
The energy equation can be described as:

@ðqEÞ
@t
þr vðqEþ pÞ½ � ¼ r � ðkrTÞ þ Q ð4Þ



Fig. 3. The basic interface structure.
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where

q ¼ alql þ agqg ; k ¼ alkl þ agkg ; l ¼ alll þ aglg ;

E ¼
alqlEl þ agqgEg

alql þ agqg

The governing equation in the solid zone (steel) is given as:

qscs
@T
@t
¼ ksr2T ð5Þ

The properties of the steel are assumed constant as shown in Table
1.

Additionally, the boundary conditions of the fluid zone at inlet
and outlet are, respectively, inlet velocity of u0 and outflow, while
the boundary conditions of the pipe wall at inlet and outlet are,
respectively, isothermal of temperature T0 and isoflux of zero.

2.3. Mesh construction and simulation procedure

The computational domain including the fluid and solid zone is
strictly half of Fig. 1 with symmetry condition. The computational
mesh of the pipe and wall volume is comprised by 67,600 hexahe-
dral volume elements, and the grid number on the cross-section of
the pipe is about 340. Calculations with about 200,000 or 30,000
elements yield similar results, in terms of the velocity and temper-
ature distributions, to those described here.

Since there is a great difference between the densities of air and
molten salt, the Pressure-Implicit with Splitting of Operators
(PISO) pressure–velocity coupling scheme is accomplished to de-
rive the approximate relation between the corrections for pressure
and velocity. The PISO has two additional corrections of neighbor
correction and skewness correction, which help to improve the
efficiency of calculation. Upwind scheme of second order accuracy
is adopted to discretize the momentum and energy equations. In
present simulations, the residual errors of velocity and energy
are smaller than 10�5.

The whole simulation procedure has two steps: the steady pro-
cess before the filling process, and the filling process. Before the
filling process, the pipe acts as a long fin with inlet boundary tem-
perature T0. Fig. 2 illustrates the initial temperature distribution of
the pipe wall, and the surrounding temperature Ts can significantly
affect the initial temperature distribution, while the heat transfer
coefficient h only has little effect. During the filling process, the
molten salt will be pumped into the pipe with velocity u0, and then
the dynamical and thermal characteristics of molten salt pipe can
be investigated using VOF model.

3. Evolution phenomena during the molten salt filling process

3.1. General description

Since various simulation results indicate that the basic dynamic
and heat transfer performances of molten salt filling processes are
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Fig. 2. The initial temperature distribution of the pipe.
similar, a specified example will be further investigated with the
surrounding temperature 300 K, inlet velocity u0 ¼ 1 m=s, and heat
transfer coefficient h ¼ 10 W m�2 K�1.

The interface of molten salt on the symmetry plane (z = 0) is
typically illustrated in Fig. 3. Obviously, the maximum height of
the interface in vertical direction is equal to the inner diameter
of the pipe or 2R1. Because of the gravity acceleration, the interface
expands in the horizontal direction and its length is usually
remarkably larger than its height. In the vertical section A–A, the
interface adjacent to pipe wall is a little higher than the middle re-
gion because of the interface tension.

For a quantitative investigation, the interface can be described
with its geometrical parameter of width, W, as illustrated in
Fig. 3. The evolution of interface width during the filling process
is illustrated in Fig. 4, and it mainly has three stages. Before
0.40 s, the interface width increases sharply from zero to 0.18 m,
and this stage can be named as stage I or the developing stage.
In stage II or during 0.40–3.0 s, the interface width varies between
0.18 and 0.25 m like a weakening oscillation process, and this is the
fluctuating stage. After 3.0 s, the interface width keeps constant,
and the flow dynamic process is also stable, so stage III is a fully
developed stage.

3.2. Developing stage

During the developing stage, the interface structure and associ-
ated flow and temperature distributions on the vertical plane
ðz ¼ 0Þ can be illustrated in Fig. 5. At the first 0.05 s, the interface
is almost symmetry, and two corners controlled by the pipe wall
appear in the front of the interface. At 0.10 s, the interface width
expands from 0.01m to 0.035 m, and the lower corner moves much
more quickly than the upper one for the gravity effect. At 0.15 s,
the upper corner disappears, and the front of the interface becomes
a tip. As a result, the basic interface structure forms with one tip
near the lower wall. At 0.30 s, the interface keeps its basic struc-
ture, but its width expands evidently.

Additionally, the flow and temperature distributions will be
considered in detail. At 0.05 s, the velocity near the interface is very
uniform except the boundary layer, and the maximum velocity
1.33 m/s appears in front of the interface. During 0.10–0.15 s, the
velocity of the interface near the lower wall increases because
the gravity drives the interface expanse near the tip, and the
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Fig. 4. The evolution of the interface width.



Fig. 5. The interface structure and associated flow and temperature distributions on vertical plane ðz ¼ 0Þ during the developing stage.
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maximum flow velocity reaches 1.41 m/s. At 0.30 s, the flow
boundary layer remarkably develops, and the maximum velocity
exists near the interface tip. Generally, the velocity distributes like
a tip, but its direction is just opposite to that of interface. Since the
thermal conductivity of the molten salt is much higher than that of
air, the temperature varies very sharply near the interface and the
temperature distribution is similar to that of interface structure.
Before 0.10 s, the temperature distribution is almost symmetry,
and after that there appears a temperature tip near the lower wall.

The temperature and flow distributions in several cross-sec-
tions A–C are investigated in Fig. 6. In the end of the interface or
section A, the velocity in x direction is almost axial symmetry with
maximum velocity in the center and a very thin boundary layer,
and the velocity in y–z plane is very little, consequently the tem-
perature is almost axial symmetry. In the middle of the interface
or section B, the maximum velocity in x direction appears near
the lower wall, and the two eddies in y–z plane remarkably devel-
ops. Besides, the flow and thermal boundary layers obviously de-
velop near the upper wall. In the front of the interface or section
C, the flow region with high velocity expands, and the velocity in
y–z plane is similar to that in section B. Generally, the temperature
distributions in the cross-sections are similar to the flow
distribution.

3.3. Fluctuating stage

Fig. 7 illustrates the interface structure and associated flow and
temperature distributions on vertical plane ðz ¼ 0Þ during the fluc-
tuating stage. From 0.8 s to 1.2 s, the interface keeps its basic struc-
ture, but its width shrinks from 0.250 m to 0.205 m. Because of the
interface shrinkage, the velocity adjacent to the lower wall will be
smaller than that near the upper wall. As a result, the tip of the
velocity distribution appears near the upper wall, and this is quite
different from the phenomenon in the developing stage. Besides,
the temperature distribution is still similar to the interface struc-
ture, but it decreases very obviously as the time going on. During
0.8–1.2 s, the interface temperature at the pipe axis significantly
decreases from 478 K to 454 K, while the maximum velocity slowly
decreases from 1.41 m/s to 1.40 m/s.

3.4. Fully developed stage

During the fully developed stage, the interface structure and
associated flow and temperature distributions on vertical plane
ðz ¼ 0Þ is illustrated in Fig. 8. The fully developed interface is like
a flat plane with width of 0.22 m, and there is only a small angle
between the horizontal direction and interface because the gravity
and inertia effects. In general, the bulk velocity of the air flow is
higher than that of the molten salt flow. In the end of the interface
or section A, the flow boundary layer near the upper wall is obvi-
ously thinner than that near the lower wall, and the velocity in
y–z plane can almost be ignored. In the front of the interface or sec-
tion B, the boundary layer near the upper wall obviously develops,
and the two eddies in y–z plane develops. In addition, the temper-
ature distribution is still similar to the interface structure.

For a quantitative investigation, the velocity and temperature
distributions at the interface (the intersection of the interface
and vertical plane z ¼ 0) during the fully developed stage are de-
scribed in Fig. 9. Generally, the interface velocity in the bulk flow
region is 1.21 m/s, and the thickness of flow boundary layer is
about 0.003 m. The interface temperature in the bulk flow region
is 422 K, which is only 9 K higher than the freezing point, and
the thermal boundary layer is just similar to the flow boundary
layer. Meanwhile, the temperatures of the upper and lower walls
are only 303.1 K and 300.8 K, so the molten salt will probably
freeze near the wall. Since the interface temperature in the bulk re-
gion has little variation, it can be assumed as the characteristic
interface temperature Ti.

4. Basic thermal characteristics of the filling process

4.1. The temperature distributions of the fluid and wall

Fig. 10 illustrates the temperature distributions of the wall and
bulk flow along x direction, where the fluid, upper wall and lower
wall denote y ¼ 0 m; 0:009 m;� 0:009 m with z ¼ 0, respectively.

At 0.500 s, the molten salt with the average velocity 1 m/s
mainly inhabits the region between 0 m and 0.5 m, while the re-
gion beyond 0.5 m is still filled with air. In the molten salt region,
the fluid temperature drops slowly from 493 K to 486.4 K, while
the temperature in the air region quickly drops from 486.4 K to
300.5 K within 0.5–0.9 m. Corresponding to Fig. 2, the wall temper-
ature distributes very similar to the initial temperature, and it
drops from 493 K to 315 K within 0.2 m near the inlet. In addition,
the upper wall is a little colder than the lower wall because the
molten salt region near the lower wall is larger due to the interface
structure.

At 3.000 s, the bulk fluid temperature in the molten salt region
decreases gradually from 493 K to 423 K, while the temperature in
the air region drops quickly from 423 K to 300.7 K in a very short



Fig. 6. The flow and temperature distributions at the cross-section at 0.20 s.
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distance. The wall temperature distribution has three main re-
gions. In the region near the inlet, the temperature decreases
quickly from 493 K to 364.7 K within 0.2 m, and it is mainly depen-
dent upon the inlet boundary effect. In the air region, the temper-
ature is just near the surrounding temperature 300 K beyond
3.0 m, because the energy has not been transferred to this region
through molten salt. In the molten salt region far from the inlet,
the wall temperature linearly drops from 364.7 K to 300.4 K within
the interval 0.2–3.0 m, and it is dependent upon the heating time.

4.2. The temperature evolution

Fig. 11 presents the wall and fluid temperature variations at
special positions x ¼ 0:5 m and 2.0 m. Apparently, the wall tem-
perature evolution process has two main stages. Before the mol-
ten salt flows along the position, the wall temperature just keeps
near the surrounding temperature. After the molten salt flows
along the position, the wall temperature increases linearly be-
cause the wall is heated by the molten salt flow with high tem-
perature. On the other hand, the fluid temperature evolution
process can be divided into three stages. Before the molten salt
flows along the position, the fluid temperature jumps from the
surrounding temperature 300 K to the main fluid temperature
within about 0.5 s. During a short time about 0.5 s after the mol-
ten salt flows along the position, the fluid temperature drops a
little because the fluid is suddenly cooled by the cold wall. After
that, the fluid temperature slowly increases with the wall tem-
perature rising.

Fig. 12 illustrates the wall and fluid temperature distributions at
different time, and their evolution processes are apparently very reg-
ular. In Fig. 12a, the wall temperature increases about 10 K within
0.5 s. As illustrated in Fig. 12b, the fluid temperatures in the molten
salt region only have very little difference, and the basic temperature
decreasing characteristics in the air region are also very similar. The
main difference is that the temperature of the interface between the
molten salt and air region drops as the time going on.



Fig. 7. The interface structure and associated flow and temperature distributions on vertical plane ðz ¼ 0Þ during fluctuating stage.

Fig. 8. The interface structure and associated flow and temperature distributions during fully developed stage on vertical plane ðz ¼ 0Þ and cross-sections at t ¼ 3:0 s.
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4.3. The heat flux and heat transfer characteristics

Fig. 13 illustrates the heat flux of the outer pipe boundary qout

and inner boundary qin along x direction. The heat flux of the outer
boundary is caused by the natural convection, and it normally has
direct ratio with the difference between the surrounding and wall
temperatures. On the other hand, the heat flux of the inner bound-
ary is dependent upon the natural convection and the wall internal
energy increment. At 0.500 s, the heat flux of the outer boundary
decreases from 1680 W m�2 to zero along x direction, while the
heat flux of the inner boundary has several stages. Before 0.14 m,
the heat flux of the inner boundary jumps from 23;200 W m�2 to



0

500

1000

1500

2000

q in   
(W

m
-2
)

q ou
t   
(W

m
-2
)

q
in

q
out

x (m) 

0

100000

200000

300000

400000

500000

0.0 0.2 0.4 0.6 0.8 1.0 0 1 2 3 4
0

500

1000

1500

2000

q in  (
W

m
-2
)

q ou
t  (

W
m

-2
)

q
out

q
in

x (m) 

0

50000

100000

150000

200000

250000

300000

350000

(a) 0.500s (b) 3.000s 

Fig. 13. The heat flux distributions of the outer and inner pipe boundary.

300

350

400

450

500

T
wall

T
fluidK

t (s)

300

350

400

450

500

T
wall

T
fluidK

t (s)
0 1 2 3 4 0 1 2 3 4

(a) x=0.5m (b) x=2.0m

Fig. 11. The temperature variations at special positions.

300

310

320

330

340

350

360

t=1.0s

t=1.5s

t=2.0s

t=2.5s

T
 (

K
)

x (m)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

320

360

400

440

480

t=1.0s

t=1.5s

t=2.0s

t=2.5s

T
 (

K
)

x (m)

(a) The wall temperature (b) The fluid temperature

Fig. 12. The temperature distributions at different time.

300

350

400

450

500

T
 (

K
)

x (m)

 Fluid
 Upper wall
 Lower wall

300

350

400

450

500

T
 (

K
)

x (m)

 Fluid
 Upper wall
 Lower wall

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.8 1.6 2.4 3.2 4.0

(a) 0.500s (b) 3.000s 

Fig. 10. The temperature distributions of the wall and fluid.

3582 J. Lu, J. Ding / International Journal of Heat and Mass Transfer 52 (2009) 3576–3584
390;500 W m�2, and then it varies between 390;500 W m�2and
425;500 W m�2 in the interval 0.14–0.54 m. In the interface region,
the heat flux will reach its maximum 511;300 W m�2, and then it
will finally drop to zero in the air region. At 3.000 s, the heat flux
of outer boundary is similar to that at 0.500 s, while the heat flux
of inner boundary has different distribution and it obviously drops
in the interval 0.5–2.6 m.

According to Fig. 13, the heat flux of the outer boundary is
only about 1% that of the inner boundary, so the thermal per-
formance of the pipe wall determines the heat transfer process
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Table 2
Experimental and theoretical results of penetration distance.

Ts ð�CÞ T0 ð�CÞ Lp ðmÞ K ð—Þ

163 371 5.8 0.1243
116 343 4.2 0.1280

99 371 4.5 0.1225
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during the filling process, and the natural convection outside
can be ignored.

5. Blockage characteristics during the filling process

5.1. Interface temperature evolution

During the filling process, the pipe blockage caused by molten
salt freezing phenomena is a serious problem, and it probably hap-
pens when the characteristic interface temperature Ti in Fig. 9
decreases to the freezing point.

Fig. 14a illustrates the characteristic interface temperature evo-
lution under different surrounding temperatures, and they have
two main stages. Before 0.5 s, the wall temperature obviously de-
creases near the inlet region as Fig. 10, and the heat flux between
the wall and fluid near the interface increase, so the interface tem-
perature decreasing rate will also rise. After 0.5 s, the wall temper-
ature near the interface has little variation and the fluid
temperature decreases, then the heat flux between the wall and
fluid increases, and consequently the interface temperature drops
with the decreasing rate gradually dropping. In addition, the evolu-
tion processes of the dimensionless interface temperature
h ¼ ðTi � TsÞ=ðT0 � TsÞ can be described in Fig. 14b. Apparently,
the interface temperature evolution processes are just similar un-
der different surrounding temperatures, so the increment of sur-
rounding temperature can directly increase the interface
temperature.

Fig. 15 illustrates the characteristic interface temperature evo-
lution process with different velocities. The evolution process still
has two main stages, or the first stage with the interface tempera-
ture decreasing rate rising before 0.5 s, and the secondary stage
with the temperature decreasing rate dropping after 0.5 s. Gener-
ally, the interface temperature will also increases as the velocity
rising.

In practical system, in order to increase the characteristic inter-
face temperature, the surrounding temperature can be increased
by apply heat generation or steam tracing, and the velocity can
be intensified by the pump power rising.

5.2. Penetration distance model

The penetration distance denotes the length of the region where
the salt can flow in cold pipe prior to freezing closed, and it is
mainly dependent upon the interface temperature evolution char-
acteristics under different conditions.

From Fig. 14b, the dimensionless interface temperature h
almost linearly decreases with time going on, and can be modeled
as:

h ¼ Ti � Ts
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¼ 1� k � t ð6Þ
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As a filling process, the interface position has direct relation
with the time as Li ¼ u0 � t, and Eq. (6) will be:

Ti � Ts

T0 � Ts
¼ 1� k

u0
� x ð7Þ

When the interface freezes and the pipe is closed, the interface
temperature is the freezing point Tf , and the penetration distance
from Eq. (7) is

Lp ¼
u0

k
� T0 � Tf

T0 � Ts
¼ Kðu0Þ �

T0 � Tf

T0 � Ts
ð8Þ

where Kðu0Þ is only dependent upon the fluid velocity and the mol-
ten salt system.

Bergan [16] reported the molten salt electric experiments of a
receiver that was started cold. Pacheco et al. [4] studied the filling
process by flowing the molten salt through cold panels, and sum-
marized the data of penetration distance, as illustrated in Table
2. Calculate the parameter K from Eq. (8) with Tw; T0; Lp in Table
2 and Tf ¼ 221 �C, and K has a good consistency under different
conditions. In practical system, the latent heat during the freezing
process can delay the point where the tube is closed, and the pen-
etration distance will be a little large than the simulated value
here, but this does not affect the universality of this penetration
distance model with the effects of inlet and surrounding
conditions.
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3584 J. Lu, J. Ding / International Journal of Heat and Mass Transfer 52 (2009) 3576–3584
6. Conclusions

In this investigation, the dynamical and thermal performances
of the molten salt filling process are numerically investigated using
volume of fluid model. According to the interface structure varia-
tion, the whole filling process mainly has three stages, or the devel-
oping stage with the interface width quickly increasing, the
fluctuating stage with the interface fluctuating, and the fully devel-
oped stage with stable interface. Before the molten salt flows along
a certain position, the wall temperature keeps near the surround-
ing temperature, while the fluid temperature will jump within a
short time. After the molten salt passes through the local position,
the wall temperature will increase linearly as time going on, while
the fluid temperature changes very slowly. During the filling pro-
cess, the inner energy increment of the pipe wall determines the
heat transfer process, while the natural convection outside can
be ignored.

The dimensionless interface temperature evolution processes
are similar under different surrounding temperatures, while the
increment of velocity can benefit the increasing of interface tem-
perature. When the characteristic interface temperature is below
the freezing point, the pipe will be blocked, and the penetration
distance denotes the length of the region where the salt can flow.
According to the interface temperature evolution process, the pen-
etration distance is modeled, and it has a good agreement with
available results.
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