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As a core cooling device of reactor, a high temperature sodium heat pipe is de-
signed in this paper which has a large aspect ratio of 126. The effects of heating
mode and evaporation section length on its start-up are studied experimentally.
The results show that the axial temperature uniformity of the heat pipe is bet-
ter under variable power heating mode. As the evaporation cross-section length
increases, thermal resistance decreases by 50%. Compared with heat pipes with
low aspect ratio, heat pipes with large aspect ratio are more difficult to start up.
Furthermore, numerical simulation is conducted on the designed sodium heat pipe
to acquire the velocity and pressure distribution during steady-state operation.
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Introduction

Heat pipe-encapsulated nuclear heat source (HP-ENHS) reactor is designed by using
the elements in the core concept of SAFE-400 space reactor [1], which is different from the
original encapsulated nuclear heat source (ENHS) reactor [2]. The reactor utilizes an alkali
metal heat pipe (HP) to extract heat from the solid core, offering several advantages such as
enhanced passive decay heat removal capacity, absence of a positive void coefficient, and rela-
tively low cladding corrosion [3]. At present, due to the close relationship between the HP and
core heat transfer, the research of HP has become a hot spot in HP-ENHS reactor. As an effi-
cient energy-saving heat transfer device, HP can convey a substantial amount of heat over long
distances through the working medium in the pipe-line without requiring an external power
source [4]. For nuclear reactors operating at temperatures exceeding 500 °C, alkali metals such
as sodium, potassium, lithium, etc., are commonly employed as the working medium in HP.

The startup characteristic of the HP is one of the keys to analyzing and estimating
the performance of HP. A successful start-up is a prerequisite for HP operation [5]. Therefore,
researchers have carried out a series of studies on the startup of alkali metal HP. Among them,
the effect of heating power is studied. Zhang ef al. [6] performed an experimental investigation
on a I m long, 25 mm diameter sodium-potassium alloy HP under forced convection cooling.
They also explored the geyser boiling phenomenon of the sodium-potassium alloy during start-
up under varying input power. The study revealed that the HP achieves a quicker start-up time
under geyser boiling conditions. Jang [7] carried out experimental research on potassium HP
heated by different input power in the vacuum chamber. It was found that the HP can be started
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quickly under the condition of high input power. Chen et al. [8] experimentally explored the
starting characteristics of a cesium HP with an aspect ratio of 19 in a horizontal state. The start-
up temperature curves of the HP heated by different input power were compared. On the basis
of the dusty gas model, Tournier et al. [9] established a free molecule, transition and continuous
steam flow model, and analyzed the performance of a sodium HP under the condition of radia-
tion cooling. Ge et al. [10] developed an unsteady analysis program for high temperature HP to
simulate the complex phase transitions, steam flow and mass and heat transfer characteristics at
the gas-liquid interface involved in the start-up process of sodium HP self-solidification state,
and verified the accuracy of the program through experimental data.

In addition, the tilt angle is also a contributing factor influencing the startup of the HP.
Ma et al. [11] experimentally explored the sodium HP with an aspect ratio of 38 in the range
of —15° to 45° and analyzed the freezing startup characteristics of the sodium HP when placed
near horizontally. Wang et al. [12] carried out experimental research on high temperature potas-
sium HP with an aspect ratio of 27 in the range of —15° to 90°. The results certified that the tilt
angle could significantly shorten the startup time and minimum input power of the HP within
15°. Yang et al. [13] developed a surface plate sodium HP receiver and tested it in the range
of 30° to 90°. The results showed that when the tilt angle varied from 45° to 90°, the freezing
startup time of the HP increased. Yu et al. [14] conducted an experimental study on the high
temperature sodium HP with combined cores and triangular grooved cores and analyzed the
influence of cooling on these two HP under different inclinations. Guo et al. [15] studied the
startup characteristics of a sodium-potassium alloy HP with a pipe length of 1000 mm and pipe
diameter of 25 mm in the range of 0° to 50°. The findings indicated that with an increase in the
tilt angle, the startup performance of the HP improved. At 0°, 30°, and 90° inclination angles,
Ding et al. [16] experimentally studied a high temperature HP with a specific size. Yu et al.
[17] analyzed the internal flow field characteristics of sodium HP at different angles based on
CFD method. The results show that the pressure drop in the gas phase is essentially unaffected
by the working condition of the tilt angle. The gas-liquid-flow velocity is almost independent
of the inclination angle.

Although previous researchers have done a lot of research on the startup characteris-
tics of high temperature sodium heat pipe (HTSHP), the ratio of length to diameter of sodium
heat pipe (SHP) studied in the past is far less than 100. The larger the length-diameter ratio,
the greater the driving force required for the circulating flow of working fluid in the pipe, and
the more difficult the start-up of the HP. Hence, this paper presents the design of a SHP with
a length-to-diameter ratio of 126. Subsequently, experimental investigations are conducted to
examine its startup characteristics. Furthermore, the diphasic flow of the working medium in
the SHP is simulated using FLUENT software. This simulation allows for the evaluation of
crucial thermal parameters, including the flow rate and pressure drop in the steam chamber and
the suction core within the heat pipe.

Experimental device
Experimental equipment

The specific parameters of the HP geometry are listed in tab. 1. It is made of stainless
steel and filled with 130 g of Na. Sodium has a higher boiling point and heat conductance than
other alkali metals (such as potassium and sodium-potassium alloys), which makes metal sodi-
um have a wider operating margin and higher heat transfer capacity. Therefore, we choose so-
dium as the working medium to fill the HP. A core structure composed of two layers of tungsten
wire mesh is installed in the SHP. The SHP is filled by the method introduced in the [18]. The
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sodium is initially operated on in the glove box and protected by inert gases. Then, the SHP is
vacuumed to 107° Pa by a high vacuum pump device and filled with sodium. The SHP needs to
be kept at a high temperature throughout the filling process to ensure that the sodium does not
condense into a solid during the injection process.

Owing to the large surface tension of liquid metal sodium, a composite screen wick
is arranged inside the SHP. This is because the screen wick has the characteristics of good
performance, low cost, and convenient manufacture, and the composite wick can provide large
circulating capillary force and reflux permeability for the fluid.

Table 1. Parameters of SHP

Parameter Specifications
Outer diameter of SHP, D, 19 mm
Thickness of SHP, o 1.5 mm
Length of SHP, L 2400 mm
Filling quantity 130 g
Mesh number of wick 50 mesh + 400 mesh
Tube material stainless steel

As shown in fig. 1, an experimental device is built to test the startup characteristics
of the SHP. The heating furnace and SHP are fixed on the test bench. There are angle-adjusting
devices on both sides of the test bed to adjust the inclination angle of the SHP. According to the
geometry of the SHP and the length of the heating furnace, the evaporation section (ES) and
condensation section (CS) of the SHP are set to 1200 mm and 1200 mm, respectively. The input
heat of the ES is provided by the heating iron wire in the heating furnace. Under the control of
the contact voltage regulator, the maximum heat that can be provided is 12 kW. A temperature
sensor is installed in the furnace to monitor the temperature in the furnace in real-time. The fur-
nace diameter is slightly larger than the outer diameter of the heat pipe so that the heat pipe can

Heating furnace

Angle adjusting device

Agilent

N PC
Contact voltage regulator ~—

Figure 1. Schematic diagram of experimental system
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insert into the furnace smoothly. As shown in figs. 2 and 13 thermocouples with an accuracy
of £1.5 °C are set on the outer wall of the SHP to measure the wall temperature of the ES and
the CS. Among them, 7;-7; are arranged in the ES and 7;-T}; are arranged in the CS. The tem-
perature changes of all measuring points are recorded by the Agilent data acquisition instrument
(34970 A), with a period of 1.5 seconds. There is a 10 mm thick insulation layer in the heating
furnace to avoid heat loss inside the furnace.

) L,=1200 mm ) L,=1200 mm )
20 150%x6 232x5 10
T T T T, T T, & Ty T To Ty T, T

Figure 2. Thermocouple position in axial direction of SHP

Experimental procedures

First, the SHP was tested under two diverse heating modes. One mode is at fixed
power Q7 heating. The other mode is heating with variable power (the heating power is adjusted
from Q,-0;, and the adjustment period is 25 min). The values of heating power during the ex-
periment are shown in tab. 2. Then, the temperature changes during the startup of the SHP under
different ES lengths are compared. The specific test conditions are shown in tab. 3. Considering
a range of factors such as laboratory conditions and the relative difficulty of starting the SHP,
in this paper we only studied the impact of varying the length of the two ES. The working tem-
perature of the SHP during all experiments is 650 °C.

Table 2. Calibration values of heating powers

O o) 0; Oy Os Os 0y
Heating power [W] 153.7 393.4 743.7 1204.7 | 17763 | 24585 | 3251.4

Table 3. Test conditions

Experiment number Length of ES Length of CS
1 1200 mm 1200 mm
2 1225 mm 1175 mm

Data processing and error analysis

The thermal characteristics of SHP during start-up are studied by tube wall tempera-

ture and equivalent thermal resistance. The equivalent thermal resistance:
T, -T,

Rsys = T (1)

Based on the physical properties of the alkali metal inside the high temperature HP,

the startup procedure of the alkali metal HP is divided into three-stages: free molecular flow

(Kn > 1), transition flow (0.01 <Kn < 1) and continuum flow (Kn < 0.01), which are expressed
by dimensionless Knudsen number:

Kn=7- @)
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where
1.05«T

- \/ETEO'ZP

and the Boltzmann constant « is taken as 1.38-10* J/K and effective molecular diameter
of sodium o is 3.58-10" m.

When steam changes from free molecular flow to transition flow and then to contin-
uous flow, each flow state transition corresponds to a transition temperature. The gas transition
temperature can be calculated [19]:

A

2
- J2no?KnD, P, 3
1.05x
where P, is the vapor saturation pressure corresponding to 7, which can be obtained [20]:
1gP,, =11.36-2257 0 501g7, &)

tr

Through the iterative calculation of eqs. (3) and (4), the transition temperature of
sodium vapor from free molecular flow to transition flow in this experiment is 281 °C. The
transition temperature from transition flow to continuous flow is 433 °C.

Uncertainty is an index to measure the quality of measurement results, which reflects
the reliability of the results. In this paper, the uncertainty of experimental data is calculated by
using the law of error propagation. For example, the uncertainty of equivalent thermal resis-
tance of heat pipe in this test:

ARy (A(E)T{A(TC)JZ )

R T. T.

Sys e c

Results and discussion

In the experiment, the CS adopts two heat dissipation modes:
— he CS is provided with an insulating cover and
— the CS is exposed to air.

The experimental results show that when the CS is exposed to the air, the cooling
speed of the CS is too fast, and the thermal resistance between the CS and the external envi-
ronment is small so the working medium of the CS is not easy to melt, and the SHP cannot be
started smoothly. Therefore, in all the following experiments, the CS of the SHP is dissipated
by adding a heat shield.

Description of the frozen startup process

Figure 3 shows the wall temperature variation of the SHP during freezing startup
under 3251.4 W input power. As shown in fig. 3, in the first 14 minutes, the wall temperature
of the ES is lower than the melting point temperature of metal sodium (97.72 °C). During
this period, most of the input heat is used to heat and melt the alkali sodium in the SHP. With
the continuous input of heat, a small amount of sodium begins to evaporate and flows in
the gas chamber of the ES in the free-molecule state. However, the gas is too sparse and the
heat transferred to the CS is very small. Therefore, after 14 minutes, the wall temperature
of the ES rises sharply, while the temperature of the CS is almost kept at room temperature.
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Figure 3. The temperature evolutions of the SHP
during freezing start under 3251.4 W heating power
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Figure 4. Schematic diagram of the
freezing start process

When the heating operation lasts for 28

minutes, the wall temperature of the ES

is higher than 433 °C (Kn = 0.01), which
indicates that the sodium vapor in the

ES of the SHP has been in a continuous

flow state. Owing to the elevated density

and pressure of the continuous gas-flow,
the downward gas temperature gradient

(temperature front) at the connection

moves to the CS with time and transmits

a great deal of heat. Therefore, after 37

minutes, the temperature at measuring

points 7;-Ty on the CS begins to rise

sharply and reaches 433 °C (Kn = 0.01)

within 18 minutes. After 115 minutes,

the wall temperature of the SHP remains
unchanged, indicating that SHP has been
running stably. The entire freezing start

procedure is shown in fig. 4.

It can also be found from fig. 3
that the temperature at measuring points
T.:-T5, and on the CS of SHP is obvious-
ly lower than 433 °C, which indicates that
some sodium steam in the CS of the SHP
is not in the continuous flow state. This
phenomenon may be caused by the fol-
lowing two reasons:

— Under the heating power of 3251.4 W,
the pressure difference in the tube is not
enough to push the temperature front to
move towards the top of the CS.

— A small amount of non-condensable
gas inevitably accumulates near the lig-
uid-gas interface at the top of the CS,
forming a non-condensable gas layer,
which hinders the condensation heat
transfer of steam and boosts the con-
densation heat transfer resistance [21].

In this paper, when the temperature at the top of the CS is higher than 433 °C,
the SHP is considered to have been totally activated. Therefore, under the heating power of

3251.4 W, the SHP did not complete the startup.

Effect of heating mode

Figure 5 illustrates curves depicting the axial temperature variation of the SHP during
startup, exhibiting two distinct heating modes. Although the changes in sodium flow state in the
two heating modes are similar, there are still some differences in the axial temperature distribu-
tion between the two heating modes. As shown in fig. 5, compared with fixed power heating,
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the axial wall temperature of the ES of the SHP shows better uniformity in the variable power
heating mode. This is because the variable power heating mode increases the input power from
0,-0- every 25 minutes. After being operational for 25 minutes under a certain heating power,
the sodium steam flow produced has sufficient time to achieve even distribution within the air
cavity of the ES in the SHP.
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Figure 5. Axial temperature variation of SHP under two heating modes during startup;
(a) fixed power (Q-) and (b) variable power (Q;-0-)

Additionally, in both heating modes, a fraction of the sodium steam located
at the upper section of the CS of the SHP does not exhibit continuous flow character-
istics. The specific reasons are described in the previous section. The starting time of
heating at fixed power is 115.45 minutes, whereas it extends to 209.8 minutes when
using variable power. However, the temperature at measuring point T,; of the CS of the
SHP under the variable power heating mode is higher than that under the fixed power
heating mode. This phenomenon can also be seen in fig. 6. Based on fig. 6, it can be
observed that during the SHP’s stabilization

phase, the temperature at measuring point g ;Z

T,, on the condensing section is found to be g s0s

43 °C higher in the variable power heating & o

mode compared to the fixed power heating £

mode. Compared to the fixed power heating ~ * ZZ _—

mode, the variable power heating mode may Fced
. . . . 385 F
result in an increased pressure differential

power

within the tube, leading to a displacement of [ s

the temperature front towards the upper sec- 7r

tion. However, it should be noted that there nor

exists a certain am(_)unt of non-condensable "0 240 480 720 960 1200 1440 1680 1920 2160 2400
gas at the top, which consequently causes Distance (mm

temperature elevation solely at one specific ~ Figure 6. Axial temperature distribution of SHP
measuring point. This suggests that variable ~ under two heating modes in steady-state
power heating has the potential to enhance

the top temperature of the CS.
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Effect of ES length

Figure 7 show the evolution of wall temperature during the startup of the SHP when
the length of the ES is 1200 mm and 1225 mm, respectively. As observed in fig. 7, when the ES
length increases from 1200-1225 mm, the wall temperature of the SHP’s ES exhibits a similar
change during startup. However, it is noteworthy that the temperature rise rate of the CS’s wall,
with an ES length of 1225 mm, is significantly faster compared to that with an ES length of
1200 mm. This is because when the length of the ES increases, the filling rate of the working
medium in the SHP decreases relatively, resulting in more bubbles generated by phase change
in the ES of the SHP when the same power is input, thus driving more heat fluid to move to the
CS. Simultaneously, with a decrease in the length of the CS, the cooling rate also decreases,
making it easier for the working medium sodium in the CS to melt. Owing to the presence of
non-condensable gas, when the ES is 1225 mm long, a small portion of the temperature at the
top of the CS remains below 433 °C.
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Figure 7. Startup curve of SHP; (a) when the length of ES is 1200 mm and
(b) when the length of ES is 1225 mm

s As the flow of sodium steam to the CS
& 672 The length of evaporation increases, the pressure difference within the
g section is 1225 mm . .

2 e SHP also increases. This occurrence results
g s60 in the advancement of the temperature front
§ 504 towards the upper portion of the CS. There-
g

fore, when the length of the ES of the SHP is

1225 mm, the CS’s wall temperature of the

SHP increases significantly. This phenomenon

can also be seen in fig. 8.

In addition, the thermal resistance of the

SHP under the aformentioned two working

O T a0 as0 720 960 1200 1430 1680 1920 2160 2400 conditions is calculated by eq. (1). It is found

Distance [mm] tha when the length of the ES of the SHP in-

Figure 8. Axial femperature distribution creases from 1200 mm to 1225 mm, the ther-

of SHP under different ES lengths at mal resistance decreases from 0.086-0.046
steady-state . . .

°C/W. In conclusion, increasing the length of

the ES of the SHP cannot only significantly promote the start-up of the SHP, but also improve

the startup performance of the SHP. This result is the same as that obtained in the literature [22].
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Numerical model

To further investigate the heat transfer characteristics of SHP with a large aspect ratio,
a numerical calculation model is developed and experimentally validated in this study. Since
this paper mainly discusses the heat transfer of HTSHP under semi-steady-state, the freezing
start, i.e. the melting of liquid metal sodium at the initial stage, is not considered.

Physical model

The simulation in this study utilizes a 2-D calculation model, depicted in fig. 9. The
geometric dimensions of the model are the same as those of the components used in the ex-
perimental device. Before numerical calculation, the following assumptions are made for the
model:

— The vapor is considered to be saturated at ¢ = 0.

— The flow in the steam zone is considered as laminar flow.

— The solid skeleton of fluid and porous media is of constant physical properties.
— Porous media are homogeneous isotropic media filled with fluid.

— Thermal dispersion effect of porous media is neglected.

— The local heat balance is observed between porous media and fluid.

y Wick Tube wall'\
X

s

=)
Evaporation section - Condensation section

Figure 9. Calculation model of SHP

-

Governing equations
Continuity equation:
oa, - S,
+V(vay )= (6)
ot Py
_S

oa; -
—+V(ve,

o HVa)=> (7
where ¢ is the time, v — the velocity in the Y-direction, and S — the source term produced by
phase transition.

Momentum equation:

o(p,, v -

%juv(pmﬁ) =-Vp+ V[ﬂm’eff (V\7+(VTJ)T )} +p,.8+E; ®)
where p, p, g, F, are the fluid density, fluid pressure, gravitational acceleration, and steam
water surface tension, respectively.

In porous media, the local heat balance is observed between porous media and fluid,
and the energy equation is:

%[ng+(1—£)ngg]+V[fJ(pH+p)J=V(kT)+Sh ©)

where U is the velocity vector, p — pressure, ¢ — the porosity of the porous medium, S, — the
energy source term.
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Boundary conditions

The wall temperature obtained in section Results and discussion for the 1225 mm ES
length is fitted with the axial distance, and the eqgs. (10) and (11) are obtained, which are used
as the boundary conditions of the ES and the CS, respectively in this simulation:

T, =-853.85y" +1907.8y° —1435.7y +321.6y+926.05 (Evaporator) (10)

T, = -2602.5y* +13712y° —33680y” + 36184y —13510 (Condenser) (11)

Considering the minimal heat loss at both ends of the SHP, it is assumed that the ends
are insulated and non-slip:

%:0 at y=0 and y=2400 (12)

v=0 at y=0 and y=2400 (13)

Because the boiling point of sodium metal is 1154.55 K, in order to save calculation
time, the initial temperature of the model is set to 1073.15 K. The finite volume method is em-
ployed to discretize the control equation, while the momentum and energy equations adopt the
second-order upwind scheme. The pressure equation adopts the PRESTO discrete scheme, and
the velocity and pressure coupling adopt the SIMPLE algorithm.

119 Numerical simulation results

£ 1s0f Model validation

2 1104] The SHP described in reference [23] is

g utilized for numerical simulation validate the

£ 1058} . .

@ accuracy of the aforementioned calculation
1012 model. According to the test conditions in
966 | [23], the constant heat flow boundary condi-
o0l tion is taken for the ES during the simulation,

g~ 46536.5 W/m?. The third boundary con-
dition is taken for the CS, & = 180 W/m?K,
82800 0-1 0-2 0-3 0-4 0-5 0-6 0-7 s T.i:=293.15 K. Adiabatic wall boundary condi-
T T T U bistancemm)  tions are assumed. The chart presents both the
simulation results obtained in this study and the

experimental results documented in [23]. As
shown in fig. 10, The calculated results exhibit
a satisfactory agreement with the experimental
data, with a maximum relative error of 13.5%.

874

Figure 10. Comparison between
experimental and simulated values of
surface temperature of SHP

Velocity distribution

Figure 11 depicts the axial distribution curve of velocity for steam and liquid phases.
Due to the uneven evaporation of working medium in the ES and condensation in the CS, the
axial velocity of steam exhibits large fluctuations, as shown in fig. 11(a). At a distance of 1.43 m
from the end of the ES, the axial velocity of the gas in the steam chamber of the SHP reaches
its maximum value of 4.48 m/s. The axial velocity of liquid reaches the maximum value of
1.51 m/s at 0.606 m from the end of ES, as shown in fig. 11(b).
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Figure 11. Longitudinal velocity distribution: (a) vapor and (b) liquid

Pressure distribution

Figure 12 presents the axial distribution 30
curve of pressure for both the liquid and steam Axial pressure of vapor
) . . £ o
phases. As shown in fig. 12, with the increase
of axial distance, the axial pressure of liquid 2739
and steam in the SHP shows a downward trend. & _go[
However, the difference is that the axial pres- %
sure of steam only decreases from —0.015 kPa gy,
to —14.24 kPa, while the axial pressure of lig-  -120} Sy, :
. Ky
uid decreases from 1.71-10 ¢ kPa to —737.9 kPa, ;50| K
the axial pressure drop of liquid is significantly
greater than that of steam. -isor
It is evident that the pressure drop in the  -210 e
, . ; 00 03 06 09 12 15 18 21 24
SHP’s two-phase flow is predominantly gov- Distance [mm]

erned by the liquid phase pressure drop. The  Figure 12. Axial pressure distribution

small axial pressure drop of steam in the SHP  of liquid and steam

shows that the SHP has good isothermal perfor-

mance. The liquid-flow in the wick experiences a significant pressure drop from the CS to the
ES along the axial direction, suggesting that the capillary pressure supplied by the wick primar-
ily acts to overcome the resistance of liquid-flow within the wick.

Conclusions

In this paper, a HTSHP with a length-diameter ratio of 126 was designed, and its start-
up characteristics were experimentally studied. The wall temperature changes of SHP under fixed
power heating and variable power heating were compared. The impact of varying ES lengths on
the onset of freezing in a sodium heat pipe was examined and discussed. The findings indicate
that the temperature distribution within the ES is more uniform when employing the variable
power heating mode. At the same time, the temperature at the top of the CS is higher than that
under the fixed power heating mode. The increase of ES length not only significantly increases
the maximum temperature of CS, but also effectively improves the starting performance of SHP.
The length-to-diameter ratio has a significant impact on the start-up of the SHP.
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The FLUENT software was utilized to simulate and validate the two-phase flow of
the working fluid in the designed SHP. It was discovered that the maximum error between the
numerical calculation results and the experimental results was 13.5%. The model can be em-
ployed for future performance prediction and theoretical investigations of similar heat pipes.

Nomenclature

D —diameter, [mm)] Greek symbols

Kn — Knudsen number 5  — thickness. mm

L —length, [mm] x — Boltzmann constant, [JK™']

Q - heat transfer rate, [W] ). —Molecular mean free path, [m]

R —thermal resistance, [°CW™]

o — effective molecular diameter, [m]
P —pressure, [Nm?]

T —temperature, [°C] Subscripts
Acronyms € —evaporator

. . ¢ —condenser
CS - condensgtlon section in —input
ES — evaporation section sat — saturation
ENHS - encap;ulated nuclear heat source sys — system
HP — heat pipe v —vapor phase

HTSHP — high temperature sodium heat pipe
SHP  —sodium heat pipe
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