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a b s t r a c t

In the passive residual heat removal system of a molten salt reactor, one of the residual heat removal
methods is to use the thimble-type heat transfer elements of the drain salt tank to remove the residual
heat of fuel salts. An experimental loop is designed and built with a single heat transfer element to
analyze the heat transfer and flow characteristics. In this research, the influence of the size of a three-
layer thimble-type heat transfer element on the heat transfer rate is analyzed. Two methods are used
to obtain the heat transfer rate, and a difference of results between methods is approximately 5%. The gas
gap width between the thimble and the bayonet has a large effect on the heat transfer rate. As the gas
gap width increases from 1.0 mm to 11.0 mm, the heat transfer rate decreases from 5.2 kW to 1.6 kW. In
addition, a natural circulation startup process is described in this paper. Finally, flashing natural circu-
lation instability has been observed in this thimble-type heat transfer element.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With today's rapid development in China, energy shortage and
environmental pollution problems are becoming increasingly
serious. Because of this, nuclear power has attractedmore attention
from society because it is clean and highly efficient. However, after
the Fukushima accident, individuals worldwide maintain a vigilant
and critical perspective toward the development of nuclear power,
and China is no exception. Today, nuclear power is an essential
energy source because of its prominent advantages. Although the
pressurized water reactor is the most common type of reactor
worldwide, it has potential safety risks because of its high-
temperature and high-pressure boundaries. In contrast with pres-
surized water reactors, molten salt reactors (MSRs) have the ad-
vantages of low pressure, small size, high breeding efficiency, and
little residual radioactivity [1].

The molten salt reactor concept was put forward in the early
1960s. In 1965, the Oak Ridge National Laboratory (ORNL) suc-
cessfully designed and set up the MSR experiment (MSRE) [2,3],
and successfully operated it for 4 years. By the end of 1969, it had

fully demonstrated the feasibility of using molten fuel and a molten
heat transfermedium [4]. Research intoMSRswas set aside in 1972,
and since then the United States has focused on the liquidmetal fast
breeder reactor. Japan studied the FUJI series of MSRs beginning in
the 1980s, and that study is continuing today.

Beginning in the 21st century, MSR studies have gradually made
their way back into the international agenda, and MSR has been
proposed as the generation IV nuclear reactor. The United States
proposes the fluoride salt-cooled high-temperature reactor (FHR),
which hasmany things in commonwith anMSR. The FHRs use solid
nuclear fuel, cooled with low-pressure molten fluoride. The goal of
FHRs is to reliably and economically generate large amounts of
electric power and high-temperature process heat [5]. After the
Fukushima accident, Japan accelerated the pace of research process
on the FUJI series of MSRs. FUJI is a thermal reactor that uses the
fuel FLiBe mixed with U/Pu/Tu. The moderator is graphite, which
does not need changing during the reactor core's lifetime [6]. To
achieve the efficient transmutation of the transuranium elements
in light water reactor spent fuel, Russia proposed to use trans-
uranium elements instead of the UePu circle as a nuclear fuel to
build a molten salt actinide recycler and transmuter (MOSART) [7].
France is developing a molten salt fast reactor, in which the fuel
circle uses two launching modes, the 233U launch and the trans-
uranium elements launch [8]. The technological and experimental
studies of both MOSART and molten salt fast reactor have goals of
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decreasing the generation of highly toxic radioactive waste while
simultaneously generating electric power. China is also putting
effort into an MSR. The Shanghai Institute of Applied Physics and
Chinese Academy of Sciences plans to build a 100-MW thorium
MSR by 2030.

The residual heat removal system is an important component of
an MSR [9,10]. After the MSR shuts down, the fuel salt is drained
into the drain salt tank through a frozen valve. Two primary plans
exist to cool the fuel salt in the drain salt tank: external cooling of
the drain salt tank and internal cooling using heat transfer ele-
ments. The representative method for the external cooling plan is
reactor external vessel cooling (REVC), which is a mitigation
strategy for a severe accident. For a reactor core meltdown, the
decay heat of melt can be removed from the bottom head by two-
phase natural circulation in the REVC channel; in this way, in-vessel
retention is realized. Currently, this cooling method has been
applied practically in the AP1000 and APR1400 [11].

For the external cooling plan design for the MSR, in reference to
the REVC method of the AP1000, the drain salt tank is placed in the
pool and the heat is removed by natural convection of the water
outside the drain salt tank. However, if this method is used, the fuel
salt at the center of the drain salt tank may not be sufficiently
cooled because of the tank's very large volume, and the continuous
generation of decay heat may make the temperature of the molten
salt rise to a level greater than the fuel salt temperature limit. The
drain salt tank is also equippedwith a heater to prevent the fuel salt
from solidifying during the heat removal process. When the heater
runs, the pool-type residual heat removal system remains in
operation, working against the efforts to maintain the molten salt
temperature. Another disadvantage is that the heat dissipation
power can be difficult to control.

There are several plans for internal cooling, one of which is to
use a thimble-type heat transfer element designed by ORNL, which
was successfully operated for 4 years. There have also been several
new designs for the residual heat removal systems in recent years.
One such design, developed byWang et al. [12], immerses the drain
salt tank in a secondary coolant molten salt pool, and
sodiumepotassium alloy (NaK) heat pipes are placed across the
drain salt tank to transfer the heat from the fuel salt in the drain salt
tank to the secondary coolant molten salt. Another design, devel-
oped by Ishiguro et al. [6], consists of a drain tank, a closed water
circuit, and an air cooler. Heat transfer pipes with a diameter of
30 cm pass vertically through the drain salt tank. The water in the
heat transfer element goes through the drain salt tank and transfers
heat to the air cooler. At the outlet of the air cooler, the collected
cooling water circulates back to the drain salt tank [6]. In the cur-
rent study, we use a furnace to simulate the high temperature
environment of molten salt. The design of Wang et al. [12] is rela-
tively complicated, containing fuel salt and NaK liquid alloy. The
dimensions of the heat transfer element designed by Ishiguro et al.
[6] are relatively large, which makes furnace design challenging.
Furthermore, both the designs of Wang et al. [12] and Ishiguro et al.
[6] are purely theoretical. By contrast, the ORNL design has been
operated successfully for 4 years, which fully proves the feasibility
of a thimble-type heat transfer element. Therefore, in the current
research, the experimental heat removal loop is based on the ORNL
design. In the ORNL residual heat removal system, the cooling
thimbles are directly inserted into the drain salt tank to remove the
sensible heat and decay heat of the fuel salt. A schematic diagram of
the residual heat removal system designed by ORNL is shown in
Fig. 1. From the figure, it is evident that this type of residual heat
removal system is not passive. If the entire system loses electricity,
the water pump will shut down, and the heat of the high temper-
ature water in the condenser cannot be removed, resulting in fail-
ure of the residual heat removal system.

Natural circulation instability is an important factor that affects
the performance of natural circulation loops. The instability phe-
nomena vary in different experimental natural circulation loops
owing to variation in experimental structures, including the pipe
diameter, the height of the experimental loop, the system pressure,
and the heat flux [13,14]. The major flow instability phenomena
observed by scholars include density wave oscillations, flashing
instability, and geysering instability. Prasad et al. [15] conducted
experiments under both forced and natural circulation conditions
to study density wave oscillations, classifying them into two types.
Type I instability is a low frequency oscillation that occurs at low
pressure and low mass flow rate. This type of instability is domi-
nated by gravity effects in the unheated riser section; the hydro-
static head is very sensitive to flow rate fluctuations. Type II
instability, occurring at high power and low inlet subcooling, is
attributable to the interaction between the mass flux, two-phase
flow pressure loss, and void formation. Flashing instability often
occurs when the structure of the experimental loop is high, and
both system pressure and heating power are low, which implies
large saturation temperature differences between the inlet and the
outlet of the rising section. At low heating power, the coolant may
not reach saturation conditions in the heating section. However,
because of the strong variation of saturation temperature across the
system, flashing can occur in the rising section [16,17]. Furuya et al.
[18] regard flashing instability as a type of density wave instability
[18]. However, Tanimoto et al. [19] and Shi et al. [20] consider that
flashing instability has its own characteristics that are different
from other instabilities. Geysering instability occurs for a certain
range of inlet subcooling temperatures [21,22]. In general, the
driving force is insufficient and the main stream flows slowly or is
stagnant. Additionally, the slug developed from the heating section
will be condensed into water in the rising section. Duffey and
Rohatgi [23] divided the geysering into three phases: oscillation,
venting, and reflux. Jiang et al. [16] investigated the geysering
phenomenon in detail and found that the mass flow rate oscillates
with high peak values such as pulses without a regular period. The
energy released by the pressure wave resulting from the conden-
sation of subcooled vapor causes strong mechanical vibrations in
the system [16].

In the current research, an experimental natural circulation loop
is designed and built with a single cooling thimble by reference to
the design of ORNL. The heat transfer and flow characteristics are
analyzed for the MSR cooling thimble. The influence of the cooling
thimble gas gap width on heat transfer is analyzed using
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Fig. 1. Schematic of the MSR residual heat removal system. MSR, molten salt reactor.
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experimental results and calculation results. The phenomenon of
the experimental startup process is analyzed, and the flashing
natural circulation instability is observed and analyzed in this
natural circulation system. To some extent, the results provide
references to the design of the cooling thimble and the heat
removal of molten salt in the drain salt tank.

2. Experimental natural circulation loop

An experimental natural circulation loop is designed and built to
simulate the heat transfer process in the passive residual heat
removal system of anMSR. The experimental loop is designedwith a
single cooling thimble based on theORNL design. A schematic layout
of the test loop is shown in Fig. 2. This experimental loop removes
the redundant part of ORNL's design, and the new, compact design
can remove residual heat passively. The entire system consists of
two natural circulation loops, one of which is the heat transfer
element itself. The other natural circulation loop is the steam dome
and the pipeline between the steam dome and the condenser.

In this experiment, a high-temperature electric furnace is used
to simulate the high-temperature environment of the molten salt.
The heat transfer element consists of three concentric pipes. There
is a thimble outside the bayonet. Without the thimble, there would
be a very large temperature difference and consequently high
thermal stress on the bayonet, which is located between the
coolant water and the high temperature molten salt. This structure
can effectively avoid accidents (such as an explosion) that can occur
when there is only a single thimble, which can be damaged by

corrosion when high-temperature molten salt touches the coolant
water directly. The structure of the heat transfer element and the
thermocouple arrangements are shown in Fig. 3. The dimensions of
the cooling thimble in both this experimental loop and the ORNL
MSR are shown in Table 1. In the heat transfer element of the
natural circulation loop, the water coolant flows down through the
feed tube (downward channel). When it reaches the bottom, it will
turn and flow upward through the rising channel because of the
heat from the thimble. The driving force of the system depends on
the density difference between the downward channel and the
rising channel. The water in the cooling thimble absorbs heat and
generates steam. The steam then passes through the steam dome
and flows into the condenser, where it is condensed and then flows
back to the steam dome. The previous steps describe the primary
heat removal process in this experiment.

Prior to the experiment, the water in the steam dome and
condenser is heated to boiling. Next, the noncondensable gas in the
experimental loop is drained out. The experiment will not begin
until the water temperature in the condenser and the system
pressure stabilize. The steam flow rate is measured indirectly by
measuring the amount of condensed water. When the system sta-
bilizes, the ball valve, located below the glass tube, will be shut. The
steam generated from the heat transfer element is condensed into
water in the condenser. The condensed water is then received in
the glass tube and the liquid level variation is recorded over time.
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Fig. 2. Schematic of the test loop. P, pressure transmitter; T, thermocouple.
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For better accuracy of the temperature measurements, the pipe
wall is grooved with keyways along its axial direction. A photo-
graph of a keyway and a soldered dot is shown in Fig. 4A. The di-
mensions of the keyways are 5 cm (length), 2 mm (width), and
0.5 mm (depth); the sheathed K-type thermocouples are buried
into the keyways by silver brazing. This method is effective at
avoiding the phenomenon in which the measured wall tempera-
ture is slightly higher than the truewall temperature because of the
radial temperature gradient in the furnace chamber. As shown in
Fig. 4B, in the method of traditional electric fusion welding, the
thermocouples are welded on the pipe wall in the radial direction.
Even when the welding is done correctly, there will be approxi-
mately 1 mm of the thermocouple that is perpendicular to the pipe
wall. When the furnace temperature is 700�C, there will be about a
500�C temperature difference in the air layer between the thimble
and the bayonet. The air temperature near position X will be

slightly higher than that near position Y. However, the temperature
of the thermocouple wire at position X will be similar to the tem-
perature of the soldered point at position Y, and the thermocouple
measurement of the soldered point that is simply welded on the
pipe wall will be higher than the temperature of air near the sol-
dered point. The reason for this phenomenon is that the thermo-
couple wire at position X, because of the low thermal resistance of
thermocouple, prefers to transfer heat to the soldered point at
position B through the thermocouple itself rather than through the
air. Location pins welded on the pipewall are used to keep the pipes
concentric.

3. Calculating the heat transfer and flow

In addition to the experimental loop, a self-compiling program
was developed to study the change in cooling thimble heat transfer
rate with specific detailed pipe diameters. The locations of the wall
temperature measurements, and the pipe diameters, are shown in
Fig. 5. The simplified calculation processes for the heat transfer rate
and mass flow rate are shown in Fig. 6. A thermal resistance
schematic of the cooling thimble is shown in Fig. 7. For the calcu-
lation of the heat transfer and flow processes, first, assume an initial
heat transfer rate F1 and an initial superheat DTsat,1 of the feed tube
inner wall. The heat transfer rate F2 and superheat DTsat,2 are ob-
tained through the series of calculations shown in the figure. It is
necessary to note that F1 and DTsat,1 are the initial assumption
values, F2, DTsat,2, and the others are the iterative values during the
iteration process. The specific calculation equations forF are shown
in Eqs. (12e14). F1 and DTsat,1 will be changed until F1 is equal to F2

and DTsat,1 is equal to DTsat,2. Assume an initial mass flow rateM. By
doing so, the two-phase flow pressure drop will be obtained. Then,
the initial M will be revised until the sum of the four types of
pressure drop is equal to the driving pressure head Pd. Finally, the
heat transfer processes and the flow processes are coupled to
obtain the final heat transfer rate and mass flow rate.

Table 1
Original dimensions of the heat transfer element.

Structure Dimensions

Cooling thimble Feed tube 12.70 mm � 1.19 mm,
2.97 m in length

Bayonet 25.60 mm � 1.5 mm,
3.10 m in length

Thimbles (a), (b), (c) 31.88 mm � 1.15 mm,
38.08 mm � 1.18 mm,
45.16 mm � 1.47 mm,
1.395 m in length

Heating section 1.395 m
Cooling thimble

designed by
ORNL [24]

Feed tube 12.70 mm (0.5 inch), 1.994 m
and 2.096 m in length

Bayonet 25.40 mm (1 inch), 2.149 m
in length

Thimble 38.10 mm (1.5 inch), 1.968 m
in length

Heating section 1.689 m

ORNL, Oak Ridge National Laboratory.

Fig. 4. Photograph and schematic of welding methods. (A) Method used in the experiment. (B) Traditional method. X, thermocouple location slightly far from the soldered point; Y,
thermocouple location close to the soldered point.
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To calculate the heat transfer coefficient, the classical Chen
formula [25] is applied for saturated and subcooled flow boiling.
The Chen formula is listed as follows:

htp ¼ hpool,Sþ h0,F (1)

hpool¼0:00122,

0
@ ðk0Þ0:79C0:45

p
�
y
00�0:24

s0:5ðm0Þ0:29ðH00 �H0Þ0:24ðy0Þ0:49

1
ADT0:24sat DP0:75sat

(2)

h0 ¼ 0:023,ðRe0Þ0:8ðPr0Þ0:4
�

k0

Drc

�
(3)

S ¼
�
1þ 2:53,10�6ðRe0Þ1:17

��1
(4)

F ¼ 2:53,ð1=Xtt þ 0:213Þ0:736 (5)

F ¼ 1; (6)

where hpool is the pool boiling heat transfer coefficient and h0 is the
liquid phase convective heat transfer coefficient. The parameter S is
the suppression factor and accounts for the fact that the pool
boiling correlations overpredict the actual nucleate boiling. The
parameter F is called the enhancement factor and accounts for the
enhancement of forced convection heat transfer because of the
existence of vapor. For subcooled flow boiling, the effect of the gas
phase is negligible compared to that in saturation boiling. Eq. (5) is
then rewritten as Eq. (6) [26].

To calculate the two-phase flow pressure drop, a homogeneous
flow model is used. Several assumptions are made for the calcu-
lation. First, in the rising channel, the vapor and liquid have equal
linear velocities. Second, thermodynamic equilibrium is attained
between the vapor and liquid phases. Third, the two-phase friction
factor frtp is assumed to be equal to that whichwould have occurred
had the total flow been assumed to be all liquid. And the friction
factor frtp is evaluated using a mean two-phase viscosity mtp in the
normal friction factor relationships [27]. Additionally, the thimbles
are considered to be heated uniformly in the axis direction. The
primary calculation equations are given by Eqs. (7e11). The friction
pressure drop through the nonheating section and the pressure
drops through the enlargement and bend are not listed in there,
because the formula of them are similar to DPf, DPg, and DPa.

DPf ¼
2,frtpG2

rcLbay
0

Drc

�
1þ x

2

�
y
00 � y0

y0

�	
(7)

frtp ¼ 0:079,
�
GrcDrc

.
mtp

��0:25
(8)
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4. Analysis of heat transfer and flow characteristics near the
cooling thimble

4.1. Startup process for the experimental natural circulation loop

Before the experiment, the noncondensed air in the system
should be drained out. The change in the steam dome pressurewith
time is shown in Fig. 8. The steam dome pressure is simplified as
Psd.

As shown in Fig. 8, Psd increases slowly during the first 400 s.
Little vapor is generated from the heat transfer element because
of the large subcooling of water. As time passes, the speed of
vapor generation accelerates, resulting in the rapid increase in
Psd. In Fig. 8, arrow A corresponds to the stage at which Psd starts
to fluctuate and ceases to rise. When Psd reaches the pressure
limit of the safety relief valve installed on the steam dome, the
valve opens automatically and the mixture of vapor and non-
condensed air is drained out. The valve closes automatically when
the pressure decreases below the pressure limit. This process
lasts approximately 500 s, during which the valve opens and
closes several times. Psd decreases when the share of non-
condensed air decreases to a certain limit, at which point the
vapor can be condensed effectively by the condenser without the
hindrance of noncondensed air. Next, Psd decreases to a stable
state at which the heat brought in by the furnace is equal to the
heat taken away by the condenser. Over time, the temperature of
the water in the condenser continues to increase. With the
decrease in the temperature difference between the inside and
outside of the condenser tube, the heat transfer efficiency de-
creases. However, there is continuous vapor generated from the
steam dome. Thus, Psd increases after 8000 s. Stage B's phe-
nomenon occurs when the water in the condenser changes from
subcooled boiling to saturation boiling. The heat transfer effi-
ciency is enhanced, so Psd decreases for a short time. In the end,
the system reaches a stable state and Psd stops changing. The
previous discussion describes the startup process of the natural
circulation experiment.

4.2. Flashing natural circulation instability

In this experiment, the flow rate is not measured because of the
structure specificity of the cooling thimble. In the cooling thimble,
the downward channel is filled with a single-phase liquid, but it is
surrounded by the rising channel where the boiling occurs. Because
the flowmeter cannot be installed in the boiling loop, only the
temperature and Psd are analyzed during the flow instability process.

There are two aspects that affect the water boiling in this
experiment. First, there is flow boiling when the water passes
through the headed thimble that is heated. Second, there is flashing
boiling in the rising channel. As shown in Figs. 9A and 9B, at a Tfu of
700�C, the inlet and outlet temperatures of the cooling thimble
fluctuate periodically. However, when Tfu reaches 800�C, the fluc-
tuation disappears. Moreover, there is only a small temperature
difference between the cooling thimble inlet and outlet (the outlet
temperature is approximately 1�C higher than the inlet tempera-
ture). Because of this, we can discover that the flow boiling phe-
nomenon has always been there. However, at a Tfu of 700�C, the
flow boiling intensity is not strong enough. The small amount of
vapor results in a low natural circulation driving force, which
causes a low flow rate. The slow movement of the main stream
cannot remove enough heat from the furnace, resulting in a gradual
increase in wall temperature. Finally, the flashing instability phe-
nomenon is introduced. However, when Tfu is 800�C, there is a very
small amount of fluctuation, which demonstrates that flow boiling
plays a major role at this temperature.

From the viewpoint of the fluctuation period, the flashing ap-
pears about every 50s; in each period, we find that energy is
accumulated and released. The fluctuation amplitude of the upper
heating section is a little larger, approximately 10�C, and the fluc-
tuation amplitude of the lower heating section is a little smaller,
approximately 5�C. On the whole, the fluctuation is relatively
obvious, and the influence on the wall temperature fluctuation is
not restricted to the growth and separation of bubbles on the pipe
wall. In theory, the flashing will appear only when the temperature
of the main stream reaches a certain point. In this experiment, the
inlet water temperature is close to saturation temperature, a
characteristic that other kind types of flow instability do not share.
Synthesizing the above analyses, we conclude that the observed
kind of flow instability phenomenon is flashing flow instability.

Fig. 9 shows the periodic variation of the wall temperature and
Psd with time at Tfu ¼ 700�C. An IMP3595A data acquisition is used
to collect the data, using a collection frequency of 1 second. In Fig. 9,
the time interval between two adjacent points is 1 second. As
shown in Fig. 9, four different stages (A to D) of wall temperature
variation during a flashing period are marked out with arrows. At
the beginning, Tbo increases slowly with time, and after reaching a
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Fig. 8. Change of Psd with time. Psd, steam dome pressure; Tfu, furnace temperature; A, pressure fluctuation stage; B, saturation boiling stage.
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certain point it drops quickly. At the same time, Psd decreases with
time slowly at first and then rises sharply; these tendencies are
shown separately in stage A and stage B. Arrow C indicates the stage
at which the values of Tbo2, Tbo4, Tbo6, Tbo8, and Tbo10 rise for a few
seconds. However, not all thermocouple measurements have the
same variation tendency at stage C. Arrow D corresponds to the
stage that shows values of Tbo6, Tbo8, and Tbo10 decreasing with time
whereas Tbo4 and Tbo2 increase with time. Then, Tbo2 and Tbo4 drop
quickly, whereas Tbo6, Tbo8, and Tbo10 rise gradually. Finally, the
system goes into the next circulation.

Stage A is the initial period of flashing flow instability, in which
the water temperature in the rising zone does not reach the local
saturation water temperature, resulting in no flashing phenome-
non. The system is in a state of single-phase natural circulation.
There is only a small amount of vapor being generated from the
heating section. In the condenser, this vapor is condensed into
water, which can be seen in the glass tube below the condenser. The
small amount of vapor has two results. First, the natural circulation
driving force is not large enough, causing the main stream to slow
down. The slower main stream cannot efficiently remove the heat
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from the electric furnace, resulting in the gradual increase in wall
temperature. Second, Psd cannot maintain its original value, but
decreases gradually during this process.

The occurrence of stage B depends on both temperature and
pressure. Because of the slow velocity, the main stream sufficiently
absorbs the heat brought in by the furnace, resulting in a small rise
in the main stream temperature. Additionally, Psd decreases
continually during stage A. When the local saturation water tem-
perature decreases continually, because of decreasing Psd, the water
will evaporate and flashing will occur. Flashing generates a signif-
icant amount of vapor in a short period, which causes Psd to in-
crease sharply. Moreover, the quick growth of vapor increases the
natural circulation driving force, which accelerates the flow rate of
the main stream. The rapid flow of the main stream observably
enhances the flow boiling heat transfer efficiency, resulting in a
sharp decrease in wall temperature.

As shown in Fig. 9, the flashing phenomenon of stage C does not
appear in every flashing period. This is because the water tem-
perature does not match the local saturation water temperature
corresponding to the local pressure. The sharp increase of Psd at
stage C makes the water temperature lower than the local satura-
tion water temperature, resulting in a sudden disappearance of
flashing [28]. Without the large driving force, the main stream
returns to a low velocity and Psd decreases for several seconds. The
flashing will occur again when the water temperature reaches the
local saturation water temperature. This describes the formation
process of stage D. However, at stage D, the behavior of Tbo2 and Tbo4
is different from that of Tbo6, Tbo8, and Tbo10.

Tbo2 and Tbo4 increase continually, which is the opposite vari-
ation tendency of Tbo6, Tbo8, and Tbo10. This is because of the
subcooled boiling that occurs at Tbo2 and Tbo4. Even though the
main stream has a higher velocity during the flashing process, it
still cannot remove enough heat because of the small amount of
vapor generated from subcooled boiling. Therefore, Tbo2 and Tbo4
continually increase. When the wall superheats to some degree,
the high heat flux resulting from the high superheat will turn the
subcooled boiling into saturation boiling, which will remove
more heat. Then, Tbo2 and Tbo4 decrease, and the next circulation
begins.

In this experimental natural circulation loop with a thimble-
type heat transfer element, the flashing instability phenomenon
was observed at furnace temperatures of 700�C or less. A furnace
temperature of 700�C corresponds to a thimble outer wall tem-
perature of approximately 600�C. The liquidus temperature of
molten salt fuel LiFeBeF2eThF4eUF4 (73e16e10.6e0.3 mol%) used
by ORNL is approximately 500�C [29]. After the reactor shuts down,
the molten salt fuel is drained into the drain salt tank. When the
temperature of the molten salt fuel in the drain salt tank decreases
to about 600�C, the flashing instability phenomenon will occur,
which can decrease the natural circulation capacity of the cooling
thimble and hinder the residual heat removal from the molten salt.
As such, the flashing instability should be thoroughly considered to
guarantee reactor safety.

4.3. Influence of the gas gap width of the cooling thimble on heat
transfer rate

4.3.1. Temperature distribution in the thimble tube
The cooling thimble is heated by a high-temperature electric

furnace. With proportion integration differentiation
(PID) technology, the furnace temperature in each segment can be
adjusted automatically, and the temperature can be controlled
within 2�C. The furnace temperatures are set at 800�C, 750�C,
700�C, 650�C, 600�C, and 550�C. The axis thermocouple distribu-
tion on the thimble tube is shown in Fig. 3. Fig. 10 shows the

average values of Tto2, Tto4, and Tto6 at approximately 5 minutes,
when the furnace temperature is stable. Lhs is the heating section
length of the thimble and L is the distance of the thermocouples
from the thimble bottom. The points of each shape correspond to a
furnace temperature Tfu. As shown in Fig. 10, the furnace temper-
ature is higher than the outer wall temperature by approximately
100�C, which demonstrates that there is a large temperature dif-
ference in the radial direction of the furnace chamber.

4.3.2. Change in heat transfer rate for different gas gap widths and
different temperatures

In this section, two methods are used to calculate the heat
transfer rate F. The first method is to calculate Fco and Fra between
the bayonet and thimble. The total heat transfer rate obtained from
the first method is simplified as Ftotal,1. Tbo and Tti are used as the
boundary conditions to calculate Ftotal,1. In the second method, the
total heat transfer rate Ftotal,2 is calculated using the latent heat of
vaporization. Because heat is sufficiently preserved in the experi-
mental loop, the heat loss through the pipeline is neglected and the
heat brought in by the furnace is considered to be equal to the heat
removed by the vaporization of saturated water. The vapor flow
rate can be obtained from the condensed water. The detailed
method is illustrated in the section on the experimental facility.

In the calculation process, the outer wall of the thimble is
divided into five parts. The temperatures of each part are consid-
ered to be uniform and are measured by the thermocouples in each
part. The equations used to calculate Ftotal,1 and Ftotal,2 are Eqs.
(12e15). In the equations, t is the time of steam condensation and
Lcw is the height of the condensed water.

Fra ¼
s1

�
T4ti � T4bo

�
Aboð1� εboÞ=εbo þ 1=AboXbo;ti þ Atið1� εtiÞ=εti

(12)

Fco ¼ 2kpLhsðTti � TboÞ
lnðdti=dboÞ

(13)

Ftotal;1 ¼ Fra þ Fco (14)

Ftotal;2 ¼
pD2

cwLcw,
�
H

00
sat � H0
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�
4t,y0

(15)
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To calculateFra and Fco, the angle factor Xbo,ti is considered to be
equal to 1 because the bayonet is surrounded by the thimble.
Owing to the large influence of pipewall emissivity on the radiation
heat transfer, the emissivity of the pipe wall was measured by
Automatic Detection at the Process Control Systems Research
Institute, Harbin Institute of Technology. The results show that Tbo
is fairly stable, and the average emissivity εbo of the bayonet outer
wall for different wavelengths is 0.25. However, Tti changes
dramatically, and the change in emissivity with temperature can be
represented as εti ¼ 0.0005 � T e 0.1. The changes in heat transfer
rate with Tto at different gas gap widths are shown in Fig. 11.

Figs. 11Ae11C indicate that there is little difference between the
two methods of obtaining the heat transfer rate. The average dif-
ference between them is approximately 5%, and the largest differ-
ence is within 10%, which demonstrates that the parameter
measurement and calculation are relatively accurate. Moreover, as
shown in Fig. 11A, the conduction heat transfer rate occupies a
relatively larger proportion (more than 75%) of the total heat
transfer rate when the gas gap width is 2.0 mm. In contrast, the
radiation heat transfer rate occupies a relatively larger proportion
(approximately 60%) of the total heat transfer ratewhen the gas gap
width is 8.31 mm. The reason for this is that when the gas gap
width is narrow, the heat resistance is small, and the conduction
heat transfer rate is very large. Increasing the gas gap width results
in an increase of heat resistance and a decrease of conduction heat
transfer rate. At the same time, an increase in the radiation heat
transfer area results in an increase in the radiation heat transfer
rate.

As shown in Fig. 11D, the heat transfer rate at different tem-
peratures decreases when the gas gap width increases. The heat

transfer rate at a gas gap width of 2.0 mm is observably larger than
that at the 5.05 mm and 8.31 mm gas gap widths. This occurs
because the gas gap width is very narrow and the air heat resis-
tance is very small, which makes the conduction heat transfer rate
very large. The decrease in the gas gap width will also reduce the
radiation heat transfer area, which reduces the radiation heat
transfer rate. However, on thewhole, the influence of gas gapwidth
on conduction heat transfer rate is larger than the influence of gas
gap width on radiation heat transfer rate, resulting in a decrease of
the total heat transfer rate as the gas gap width increases. More-
over, Fig.11D shows that there is little difference in the heat transfer
rate between gas gap widths of 5.05 mm and 8.31 mm, where an
average difference of results between the two gas gap widths is
only 10%. As shown in Figs. 10B and 10C, the conduction heat
transfer rate occupies a larger proportion at the 5.05 mm gas gap
width, but the radiation heat transfer rate occupies a larger pro-
portion at the 8.31 mm gas gap width. On the whole, there is little
difference in the total heat transfer rate between the two widths.

4.3.3. Calculating the influence of gas gap width on heat transfer
rate

The electric furnace provides high temperature circumstances by
electric heating, and transfers heat to the cooling thimble through
radiation and conduction heat transfer. This type of structure in-
troduces a problem in that the outerwall temperatureof the thimble
does not remain constant as the thimble diameter changes. This is
because the temperature of the electric furnace interior is nonuni-
form; the temperature close to the electric furnace wall is higher. In
an actual MSR, the outer wall temperature of the thimble changes
with the temperature of the molten salt rather than changing with
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the outer wall diameter. Therefore, this experiment does not exactly
replicate an actual MSR. In this section, for the calculation, the outer
wall temperature of the thimble is assumed to be 700�C, a value
which does not vary with thimble diameter. This assumption will
allow a better approximation of an actual MSR.

According to the experimental results, the outer wall tempera-
ture of the thimble is approximately 700�C when the furnace
temperature is 800�C. In this situation, there is no flashing insta-
bility phenomenon; the system pressure and wall temperature are
both stable. The two-phase flow pressure drop is calculated based
on the homogeneous flowmodel. To calculate the heat transfer rate
more accurately, the heating section of the bayonet is divided into
five parts. The temperature of each part is considered to be uniform.
Considering that heating above Tbo4 represents saturated boiling
and heating below Tbo4 represents subcooled boiling, different
forms of the Chen formulae are applied. Moreover, in the calcula-
tion process, the equivalent diameter of the rising channel is larger
than 6.0 mm; this channel is considered to be a conventional
channel by Mehendale et al. [30] and Kandlikar [31].

This section analyzes the influence of gas gap width on the heat
transfer rate using a self-compiling program. The calculation results
are shown in Fig. 12.

As shown in Fig.12A, when the diameter of the thimble is kept at
38 mm and the diameter of the bayonet is changed, the radiation
heat transfer rate and the conduction heat transfer rate will
decrease together with the increase in gas gap width. It can be
concluded that the change in conduction heat transfer rate caused
by the change in the gas gap width is more significant than the
change in the radiation heat transfer rate caused by the change in
the heat transfer area. The change of total heat transfer rate has the
same tendency as the change of conduction heat transfer rate.

As shown in Fig. 12B, when the diameter of the bayonet is kept
at 25.6 mm and the diameter of the thimble is changed, increasing
the gas gapwidth increases the radiation heat transfer area, causing
the radiation heat transfer rate to increase. The variation tendency
of the radiation heat transfer rate is slightly different than that
shown in Fig.12A. At the same time, another result of increasing the
gas gap width is that the increase will increase the thermal resis-
tance, which will result in a decrease in the conduction heat
transfer rate. The total heat transfer rate has the same variation
tendency as that of the conduction heat transfer rate. Moreover,
when the gas gap width is very narrow, the heat transfer rate de-
creases sharply with the increase in the gas gap width. The reason
for this is that the increase in the gas gap width results in a sharp
increase in thermal resistance when the gas gap width is narrow,
whichmakes the conduction heat transfer rate decrease noticeably.

It can be seen in Fig. 12 that the calculation results correspond
closely with the experimental results, except that the experimental
results are slightly higher than the calculation results for a gas gap
width of 8.31 mm. This occurs because there is a temperature
gradient in the radial direction of the furnace. The actual values of
Tto are approximately 700�C and 712�C when the gas gap widths
are 5.05 mm and 8.31 mm, respectively. However, Fig. 12 is ob-
tained based on the assumption that Tto is 700�C, because we
cannot make the assumption that Tto is 700�C and 712�C simulta-
neously in the calculation program. Even so, we can still conclude
that the calculation results correspond well with the experimental
results shown in the figure.

It can be seen from the calculation results above that the gas gap
width has a large influence on the heat transfer rate. With the in-
crease in the gas gap width from 1.0 mm to 11.0 mm, the heat
transfer rate decreases from 5.2 kW to 1.6 kW. This conclusion is
different from the conclusion drawn by Sun et al. [32], who found
that the gas gap width in the bayonet of cooling thimble has little
effect on the heat transfer rate. In theory,we can attempt to decrease
the gas gap width in order to increase the heat transfer rate. How-
ever, when the gas gap width is very narrow, it is very difficult to
arrange the thermocouples on the pipe wall. This long, thin struc-
turemakes it very difficult to insert the bayonet into the thimble and
ensure that the bayonet is exactly in the center of the thimble.
Moreover, it would be very expensive to manufacture and install
such elaborate cooling thimbles. There is no need to make the gas
gap width very thin; we can simply increase the number of cooling
thimbles in the actual MSRs to increase the heat removal capacity.

4.4. Uncertainty analysis

There are two kinds of uncertainty in this theory. The first
category of uncertainty is concerned with repeated parameter
measurements, which are generally obtained through statistical
analysis. The second category of uncertainty is concerned with
systemic error of measuring instruments or environmental and
human-introduced error. There is no first category uncertainty in
the measurement process of the heat transfer rate, because the
parameters were all measured with a single measurement. The
uncertainties in the relevant parameters can be calculated based on
the KlineeMcClintock method [33].

In this experiment, the heat transfer rate of the cooling thimble
is measured by Eq. (15), and there is some systemic error intro-
duced by measuring instruments such as thermocouples and
pressure transmitters. The thermocouples are calibrated to have an
accuracy of 0.5�C; the accuracy of the pressure transmitters is given
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Fig. 12. Influence of the gas gap width on the heat transfer rate. Total heat transfer rate (Ftotal), Conduction heat transfer rate (Fco), Radiation heat transfer rate (Fra).
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by the manufacturer with calibration certificates and is confirmed
to be 0.1%. There are also some human-introduced errors in the
measuring process. The measurement accuracy of the condensed
water height is 0.5 mm; the accuracy of recording time t using a
stopwatch is 0.5 s.

Taking the measuring time and condensed water height into
consideration, the uncertainty in the heat transfer rate can be
calculated using Eqs. (16) and (17). Bringing the values into the
equation, the uncertainty in the heat transfer rate is found to be
0.39%.

5. Conclusion

1. Noncondensed air in the system will increase the system pres-
sure considerably, so it should be drained out of the system
before the experiment startup process. The noncondensed air
will significantly decrease the condensation heat transfer
efficiency.

2. In a flashing situation, the water temperature is higher than the
local saturation water temperature. Superheat of the water will
cause thewater to evaporate. The generated vaporwill then drop
the hydrostatic head to a lower position. Because of this, the
flashing start point moves downward rapidly, which accelerates
the main stream. The flashing disappears when the water tem-
perature is lower than the local saturation water temperature.
When the energy accumulates to a certain degree, flashing will
occur again. Subcooled boiling has also been found underneath
the heat transfer element. The flashing flow instability should be
considered in an actual drain salt tank of an MSR to ensure that
the residual heat of molten salt can be reliably removed.

3. There is little difference between the two methods of obtaining
the heat transfer rate, with an average difference of approxi-
mately 5%. At the same thimble outer wall temperature, the heat
transfer rate at a gas gap width of 5.05 mm is similar to the heat
transfer rate at a gas gap width of 8.31 mm, with an average
relative error of approximately 10%. However, the heat transfer
rate at a gas gap width of 2.0 mm is much larger; the heat
transfer rate increases by 95% when the gas gap width decreases

from 5.05 mm to 2.0 mm, which demonstrates that the heat
transfer rate can decrease significantly with an increase in gas
gap width when the gas gap width is narrow. However, the heat
transfer rate hardly changes when the gas gap width increases
to a certain degree.

4. The calculation results indicate that the gas gap width has a
large influence on the heat transfer rate. With the increase in the
gas gap width from 1.0 mm to 11.0 mm, the heat transfer rate
decreases by 70%, from 5.2 kW to 1.6 kW. The conduction heat
transfer rate decreases by 90%, from 4.3 kW to 0.432 kW, and the
radiation heat transfer rate increases by 32%, from 0.91 kW to
1.2 kW. This indicates that the influence of changing the gas gap
width on the conduction heat transfer rate is much larger than
that on the radiation heat transfer rate. We can in theory
attempt to decrease the gas gap width in order to increase the
heat transfer rate, but we should also take the fabrication dif-
ficulty and economics into consideration.
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Nomenclature

A area (m2)
Cp specific heat at constant pressure (kJ/(kg K))
D equivalent diameter (m)
F enhancement factor
fr friction factor
G mass flux (kg/(m2 s))
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h heat transfer coefficient (W/(m2 K))
H enthalpy (W)
K thermal conductivity (W/(m K))
P pressure (Pa)
Pr Prandtl number
Re Reynolds number
S suppression factor
T temperature (K)
x dryness fraction
X angle factor
Xtt Martinelli parameter

Greek symbols
DP pressure drop (Pa)
DTsat inner wall superheat of thimble, Tbi-Tsat (K)
ε emissivity of pipe wall
m dynamic viscosity (Pa$s)
y specific volume (m3/kg)
s surface tension coefficient (N/m)
s1 Stefan-Boltzmann constant
t record time (s)
F heat transfer rate (W)

Subscripts
a acceleration resistance
ba bayonet
bi bayonet inner wall
bo bayonet outer wall
co conduction
cw condensed water
f friction resistance
fi feed tube inner wall
fo feed tube outer wall
fu furnace
g gravity resistance
hs heat section
pool pool boiling
ra radiation
rc rising channel
ti thimble inner wall
to thimble outer wall
tp two phase
sat saturation
sd steam dome

Superscripts
0 liquid phase
00 gas phase
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