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Abstract: In the geyser boiling mode, the working fluid state is divided into a boiling process and a
quiet process, and the sodium-potassium (Na-K) alloy heat pipe can discontinuously transfer heat at
each boiling. The overheating of the liquid working fluid at the bottom causes short-term boiling
and forms slug bubble, the strong condensing ability quickly conducts heat from the evaporator
section. And geyser boiling can occur before the working fluid forms continuous flow, so it transfers
more heat at lower temperatures than natural convection cooling. In this study, the heat transfer
process of a Na-K alloy heat pipe with forced convection cooling under different heating power
was experimental studied. The geyser boiling mode can make the Na-K alloy heat pipe work below
650 °C and reduce the start-up time. In the process of geyser boiling, the heat transfer quantity was
increased by the boiling frequency and the amount of vapor produced in a single boiling. The boiling
temperature had no obvious change with the increased of heating power, and the condenser section
temperature increased with the heating power.

Keywords: sodium-potassium alloy; geyser boiling; forced convection cooling; start-up performance;
heat transfer performance

1. Introduction

Heat pipes rely on the phase transformation of the working fluid to transfer heat by
using latent heat. Therefore, heat pipes have high heat transfer performance [1], isother-
mal performance [2] and thermal response speed [3]. The working temperature of high
temperature heat pipes is higher than 750 K. Sodium, potassium and other alkali metals
are often used as working fluid for high temperature heat pipe because of their high boil-
ing temperature, low saturation pressure, high latent heat of vaporization and high heat
transfer performance. Alkali metal heat pipes have been used in many high temperature
applications such as high temperature isothermal heater [4], thermometric calibration sys-
tem [5,6], solar energy utilization system [7,8], residual heat removal system [9-12], high
temperature thermal management [13-15] and so on. The alloy of suitable ratio of sodium
and potassium is liquid at room temperature, so the sodium-potassium (Na-K) alloy heat
pipe has great advantages in cold-start and working fluid filling. Na-K alloy was the first
used as coolant in nuclear industry, Anderson et al. [16] proposed to replace pure metals
such as sodium and potassium as high temperature heat pipe working fluid. The thermal
properties and flow characteristics of Na-K (78% by mass of potassium) alloy were studied
by Serizawa et al. [17] and Timothy et al. [18]. The results showed that the heat transfer
performance of the alloy is better than sodium and potassium. The start-up performance of
liquid metal heat pipes is very different from the low temperature heat pipes, the effect of
compressibility must be considered at start-up stage because of the low pressure and low
density of vapor. The continuous flow can be formed only after the working fluid reaches
a certain temperature, then the vapor density and pressure increase significantly and the
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heat pipe can transfer heat effectively. Similar to other alkali metal heat pipes, the heat
transfer limits such as sonic limit and viscosity limit also appear in the start-up process of
Na-K alloy heat pipes. Na-K alloy heat pipes also have several advantages, different mass
ratios of sodium and potassium can be selected according to the requirements of working
temperature. Due to the melting point of the Na-K alloy is below room temperature when
the mass fraction of potassium is between 46% and 89%. Therefore, there is no frozen
limit at room temperature and it is beneficial to the manufacture of heat pipe such as the
high temperature oscillating heat pipe [19], and there is no solidification limit, the working
fluid will not solidify into solid state in the condenser section, avoid that the working fluid
cannot return and the evaporator section dry burning.

At present, Na-K alloy heat pipes have been applied in many fields such as molten
salt residual heat utilization system [20], high temperature cooling system [21] and so on.
Working conditions have a great influence on the start-up heat transfer performance of
Na-K alloy heat pipe. When the length of condenser section is too long, the working fluid
is not easy to fill the whole heat pipe [22,23]. When the length of the condenser section
is too small, the condenser amount of the working medium is small, which increases the
gas pressure [23,24]. The inclination angle of heat pipe will affect the effective heating
area of evaporator and the driving force of reflux liquid, and the most suitable inclination
angle of Na-K alloy heat pipe is 55° [25]. The Na-K alloy heat pipe has been proved to
be an effective high thermal conductivity element, the heat transfer ability and service
temperature of Na-K alloy heat pipe are between those of sodium heat pipe and potassium
heat pipe in full start state. Because the melting point of Na-K alloy is lower than room
temperature, it is safer in working fluid filling and cold start process, so the Na-K alloy
heat pipe is a kind of safer heat pipe which can replace sodium heat pipe. And there is
no solidification phenomenon in geyser boiling. The geyser boiling is a kind of repeated
process in which the working fluid suddenly boils and returns to calm.

In this article, Section 2 Literature review presents related works on the geyser boil-
ing. Section 3 Experimental methods presents the equipment, experimental system and
experimental method. Section 4 Results and discussions presents working process of Na-K
alloy heat pipe and effects of heating power on geyser boiling process, heat pipe wall
temperature distribution and heat transfer performance. Section 5 Conclusions presents
the main conclusions in this study.

2. Literature Review

Noie et al. [26] studied the influence of the inclination angle on the heat transfer
coefficient of the condenser under different liquid charge ratios. It was found that geyser
boiling occurred when the liquid charge ratios is greater than 30%.

Emani et al. [27] studied the effects of liquid charge ratio, inclination and cooling
water mass flow on the geyser boiling. It was found that when the inclination angle was
reduced, the geyser period and the temperature fluctuation range were reduced, and the
geyser boiling phenomenon disappeared when the inclination angle was less than 15°. The
mass flow rate of the cooling water has little effect on the geyser boiling phenomenon.

Lin et al. [28] studied the influence of heating power, condenser temperature, liquid
charge ratio and evaporator length on water and ethanol geyser boiling. The correlation
equation of heat transfer coefficient in geyser boiling was proposed.

Wang et al. [29] presented a combined CFD/visualization study and used the VOF
method to improve the Lee model. The improved model had better predictive performance,
and the heat transfer behavior obtained was closer to the actual phenomenon in the
visualization experiment.

Some literature studied how to suppress geyser boiling. Casarosa et al. [30] studied the
influence of heating power and condenser pressure on geyser boiling. When the condenser
pressure remained constant, the boiling frequency increased linearly with the increase of
heating power. When the heating power was constant, increasing the condenser pressure
reduced the geyser boiling, and even eliminated the geyser boiling.



Energies 2021, 14, 7582

30f15

Kujawska et al. [31] studied the geyser boiling phenomenon of heat pipes using
nanofluids. It was found that nanofluids can reduce or even inhibit geyser boiling. The
deposition of nanoparticles on the evaporator wall increases the number of nucleation
points that can form vapor bubbles and prevents the formation of gas plugs.

Although most literatures hope to eliminate geyser boiling [32,33], some literatures
have noticed that geyser boiling can be applied. Kuncoro et al. [34] studied the effects of
temperature and pressure on the geyser boiling of water and R113. The study found that
the temperature distribution inside the liquid has a great influence on geyser boiling. And
in this research, it was found that the start-up time of the heat pipe is reduced after geyser
boiling occurs.

Tecchio et al. [35] studied the effects of heat flux and vapor pressure on geyser boiling
in loop thermosyphons with liquid charge rates of 0.5 and 0.9. Geyser boiling occurred
when the heat flux was higher than 12.5 kW /m? and vapor pressures was below 25 kPa,
and the dimensionless pressure rates were about 1.0. And it was noted that the heat transfer
quantity obviously increased when geyser boiling occurred.

Jia et al. [22] studied the effect of heating temperature on the heat transfer performance
of Na-K alloy heat pipe. Under cooling water cooling, geyser boiling phenomenon occurred,
and the start-up temperature and working temperature of heat pipe were lower than those
under natural convection. Compared with the study of heat transfer performance of Na-K
alloy heat pipe under natural convection cooling by Guo et al. [24], geyser boiling can
reduce the lowest working temperature of Na-K alloy heat pipe. Under forced convection
cooling of cooling water, when the heating temperature reached 600 °C, geyser boiling
occurred in the heat pipe and the heat transfer quantity increased. But under the same
heating conditions and natural convection cooling, the phase transformation process of
working fluid became violent only when the heating temperature reached 725 °C [23,24].
Moreover, geyser boiling can transfer more heat at lower temperatures. When the heating
temperature was 650 °C, the heat transfer quantity under natural convection cooling of air
was 475 W [24], and the heat transfer quantity under cooling water was 790 W [22].

Therefore, the heat pipe could transfer heat effectively in the geyser boiling state, and
the working temperature range of the heat pipe is greatly improved. The influence of
heating power on the heat transfer process of Na-K alloy heat pipe under forced convective
cooling, along with the variation of wall temperature during the geyser boiling process
under forced convective cooling need to be further studied.

In this study, the influence of heating power on heat transfer process of Na-K (77.8% by
mass of potassium) alloy heat pipe under forced convective cooling was studied experi-
mentally, and the variation of wall temperature during geyser boiling process under forced
convective cooling was analyzed.

3. Experimental Methods
3.1. Experimental Setup and Procedure

The main equipment includes Na-K alloy heat pipe, heating furnace, power con-
troller, cooling water circulator, data collector, computer and so on. Figure 1 shows the
experimental system of heat pipe under forced convection cooling.

Figure 2 shows the experimental procedures. During the experiment, the heat pipe
was heated from room temperature. The heating condition is that the heating power was
constant at 800 W, 1000 W, 1200 W and 1400 W respectively. The cooling condition is
that the cooling water flow was constant at 16 mL/s, and the temperature of constant
temperature water tank was constant at 20 °C. Each temperature was obtained through
the data collector, and the acquisition frequency was 3 s/time. In geyser boiling, the wall
temperature of the heat pipe changes periodically and drastically. The start-up process of
heat pipe is from the beginning of heating to the first boiling. From the beginning of heating
to the first boiling, it is the start-up process of the heat pipe. At least 20 stable and complete
boiling fluctuation cycles need to be recorded in each group of experiment. Because the
heat pipe always kept geyser boiling, the time-average values of the wall temperature, the
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temperature of the cooling water jacket, the outlet and inlet temperature of the cooling
water in the calculation are taken within 5 boiling after the stable fluctuation.

i [ e 1 e e e e e "
1 1 : :
I
| —| | :
I HE i
1 1 1 ]
1 [ !
1 1 1 I
: Cooling water | | :
' jacket ' :
| Lo i
; | e ,
oot
1 1 1 I
' Insulation: ! -
H material P |
1 Data collector ' -
I
i Lo i
I Heat i : :
i Power pipe : 1 :
: controller : : |
I |
s Heating | | :
' furnace | | :
I 1 1 1
[P S ——————— a [ P ————— I

Figure 1. Experimental system of Na-K heat pipe under forced convection cooling.
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Figure 2. Experimental procedures of Na-K heat pipe of (a) Experimental conditions; (b) Operation
status of Na-K heat pipe.

The temperature of the outer wall of heat pipe, the outlet and inlet of the cooling
water, the ambient and the outer wall of the cooling water jacket were measured. Figure 3
shows the distribution of temperature measuring points on the outer wall, these measuring
points were numbered as P1 to P15 in turn. The evaporator section was 580 mm long
with 5 measuring points, the insulation section was 90 mm long with 1 measuring point,
the condenser section was 330 mm long with 9 measuring points due to the large axial



Energies 2021, 14, 7582 50f 15

temperature variation of the condenser section. The heat pipe was always placed vertically
during the experiment.
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Figure 3. Location of temperature measuring points.

A Na-K alloy gravity heat pipe was used in the experiment. The mass fraction of metal
potassium and sodium in the Na-K alloy are 77.8% and 22.2% respectively. Compared
with sodium and potassium, the Na-K alloy has low melting point and it is liquid at room
temperature. As an alkali metal heat pipe working fluid, Na-K alloy is easy to fill and will
not condense in the condenser section. Table 1 presents the thermophysical properties of
the Na-K alloy.

Table 1. Thermophysical properties of the Na-K (77.8% by mass of potassium) alloy.

Properties Values
Melting temperature (0.1 MPa) —12.6°C
Boiling temperature (0.1 MPa) 785.1°C

Vapor pressure (700 °C) 0.489 kPa
Density (700 °C) 731.1 kg/m?3
Specific heat (700 °C) 1.01 kJ/ (kg-K)
Viscosity (700 °C) 1.5 x 1073 Pa-s
Latent heat of vaporization (0.1 MPa) 3453.5 k] /kg

The shape of heat pipe is cylindrical, the parameters of the Na-K alloy heat pipe is
presented in Table 2. In our previous work [24], the Na-K heat pipe had best start-up
performance under the length of evaporator, condenser, and adiabatic section in Table 2.

Table 2. Parameters of the Na-K alloy heat pipe.

Parameters Specifications

Total length 1000 mm

Outer diameter 25 mm

Inner diameter 20 mm

Working fluid weight 70 g (about 78 cm3, 25.3% of the heat pipe internal volume)
Container material Inconel 600

Evaporator section length 580 mm

Condenser section length 330 mm

Adiabatic section length 90 mm

The heating system is composed of single-phase full digital thyristor power controller,
voltage regulating power supply and heating furnace, which can realize the constant
temperature heating and the constant power heating of Na-K alloy heat pipe.

The power controller precisely controls the heating power by adjusting the voltage and
current of the circuit through the thyristor controller. In this experiment, the constant power
output mode was mainly used. The depth of heating furnace is 1000 mm, the resistance
heating wire was used, and the heating temperature range is 20~1000 °C. The maximum
temperature difference is less than 20 °C when heating at 800 °C constant temperature. The
heating furnace can be heated at 0~7 kW constant power by the power controller and the
control accuracy is £0.01 kW.
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The cooling system is composed of annulus type cooling water jacket and cooling
water circulator. The cooling water jacket is made by stainless steel, the length of water
jacket is 330 mm, which is the same as the length of condenser section. The cooling water
in the jacket was upward flow and the gap between the cooling water jacket and the
condensation section of the heat pipe was filled with copper powder. The temperature
control accuracy of the cooling water circulator is 0.1 °C and the flow control accuracy
is £0.3 mL/s.

The temperature data were recorded by a data collector with voltage accuracy of 0.004%.

Because the gap between cooling water jacket and heat pipe is very small and the
volume of standard thermocouple is too large to be arranged on the condenser section wall.
Therefore, the self-made K-type thermocouples which were welded with 0.2 mm diameter
nickel-chromium alloy wires and nickel-aluminum alloy wires were used after calibrated
by China Institute of Metrology, and the uncertainty of all self-made K-type thermocouples
is1.2 K.

3.2. Data Processing

The calculation methods of the equivalent heat transfer coefficient, the equivalent ther-
mal resistance, and the heat transfer coefficient of evaporator section and condenser section
are shown in Equations (1)-(5). The equations were taken from the National standards of
China “Testing method for heat transfer performance of heat pipes (GB/T14812-2008)".
The heat transfer quantity can be calculated by subtracting the heat leakage of cooling
water jacket from the cooling water.

Q = Gep(Tout — Tyn) — Hia(Ta — T A M

The hj, is the convective heat transfer coefficient between water jacket out wall and

air, it is about 20 W/(m?-°C). The equivalent heat transfer coefficient can be calculated by
considering the heat pipe as a uniform solid,

Q

K=~
(Te - TC)Ahp

()

The heat leakage of heat pipe insulation section and the heat resistance of heat pipe
wall is small, so the insulation section temperature can be used as the temperature of
working fluid vapor of heat pipe. The heat transfer coefficient of evaporator section and
condenser section can be defined as

Q

he = ——~ 3
e (Te _ Ta) Ae ( )

Q
he = ———+ 4
C (Ta _ TC)AC ( )

The equivalent thermal resistance can be defined as
Te — Tc

R=—1— 5
0 ®)

In Equations (2)—(5), the average wall temperature was taken as the average tempera-

ture of each section.
L+ DL+ T+T+Ts

5
L+ Tg+---+Ts
a 9

Te (6)

T. ()
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According to the measurement accuracy of temperature and heating power, the
uncertainty of thermal resistance and effective thermal conductivity was calculated. The
uncertainty of thermal resistance is defined as [36]

2 (9
Q

Therefor, the maximum relative thermal resistance uncertainty was £0.41%.

3.3. Experimental Repeatability

Figure 4 shows the reproducibility of the time-average wall temperature. Three
experiments under the same conditions were completed in three different days. The
heating power was 800 W, the cooling water temperature was 20 °C and the cooling water
flow rate was 16 mL/s. From this Figure, the experimental error of time-average wall
temperature of heat pipe was less than 2%. Therefore, it could be considered that the
experimental results were accurate.
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Figure 4. Reproducibility of time-average wall temperature of Na-K alloy heat pipe.

4. Results and Discussions
4.1. Start-Up Process

During the start-up process of Na-K alloy heat pipe, the flow state of working fluid will
transform from the rarefied vapor flow to the continuum vapor flow. The Na-K alloy heat
pipe can only achieve efficient heat transfer when the continuum vapor flow is established.
Knudsen number can be used to determine whether the working fluid forms continuous
flow, the Knudsen number can be calculated by the ratio of mean free path of working
fluid and diameter of the vapor flow passage.

Kn = % 9)
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It is generally believed that continuous flow can be formed only when Knudsen
number is less than 0.01 [20,37]. The temperature that can make the working fluid vapor
form a continuous flow is named the transition temperature, it can be defined as [20,37]

()

The vapor transition temperature is mainly affected by the height of vapor space
which is the inner diameter of heat pipe. The transition temperature of Na-K (77.8% by
mass of potassium) alloy is about 340.2 °C when the inner diameter of the heat pipe is
20 mm.

Figure 5 shows the temperature variation of each measurement point under different
heating power during the start-up process and working process. The sonic limit appeared
in the start-up process under all heating power. The sonic limit is very common in the
start-up process of alkali metal heat pipes, and it will disappear with the increase of vapor
temperature [38]. An intense boiling occurred in the heat pipe after heating for 25 to
40 min under all heating power, the evaporator section temperature decreased sharply
while the condenser section temperature increased rapidly. Because a large amount of high
temperature vapor flowed to the condenser section, and the sound of liquid working fluid
impacting the end cover of condenser section could be heard clearly during the boiling.
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Figure 5. Temperature distribution of Na-K alloy heat pipe under heating power of (a) 800 W; (b) 1000 W; (c) 1200 W;

(d) 1400 W.
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Due to the intense boiling and strong forced convection cooling, the evaporator section
temperature decreased greatly after the first boiling, and a large amount of heat was taken
away by the cooling water, so the heat pipe can not maintain continuous boiling state.
Therefore, the condenser section temperature began to decrease, and the evaporator section
temperature raised. About 2 to 3 min later, another intense boiling occurred and this
process was repeated, then the geyser boiling occurred in the heat pipe [28,38]. Because the
melting point of Na-K alloy is lower than room temperature and there is no solidification
limit, the working fluid will not solidify into solid state in the condenser section. Even if
the condenser section temperature was reduced to 40 °C during the geyser boiling process,
the Na-K alloy heat pipe can work normally.

Since measuring point 1 to measuring point 5 were in the evaporator section, the
temperature rises gently in the start-up stage. When the heating time was 20 min to 25 min,
the temperature of measuring point 4 decreases slightly, because the liquid level of liquid
Na-K alloy is lower than measuring point 4. At this time, the Na-K alloy had begun a
large number of phase transformation on the liquid surface, and the temperature change of
measuring point 4 in the start-up stage was very small.

The flow state of Na-K alloy transformed from the rarefied vapor flow to the contin-
uum vapor flow when temperature reached the transition temperature, and the flow of
Na-K alloy increased greatly, which greatly increased the wall temperature of heat pipe.
The temperature of measuring point 6 in the adiabatic section rose sharply at 20 min to
30 min, indicating that the working fluid in the adiabatic section had changed to continu-
ous vapor flow at this time. Since the liquid level of Na-K alloy is lower than measuring
point 4, measuring point 5 in the evaporation section also had the process of flow state
transformation, and the temperature of measuring point 5 also increased greatly in a short
time. The temperature from measuring point 4 to measuring point 6 was maintained at
about 400 °C after flow state transformation, which is close to the theoretical transition
temperature of Na-K alloy.

In the start-up state, because there were few Na-K alloys entering the condenser
section, the temperature of only a few measuring points increased, and most measuring
points were at room temperature. Therefore, geyser boiling can occur before continuous
flow is formed in the condenser section under forced convection cooling.

4.2. Working Process

In the working state, when the temperature of measuring point 1 at the bottom of
the heat pipe reached about 650 °C, a violent boiling occurred at the bottom of the heat
pipe to produce Taylor bubble, which is a kind of elastic flow bubble. A large amount
of vapor carried liquid Na-K alloy into the condenser section, reduced the temperature
of each measuring point in the evaporator section and increased the temperature of each
measuring point in the condenser section, and the sound of liquid working fluid hitting
the top of the heat pipe could be heard. Then, due to the strong cooling capacity of the
cooling water, the heat input in the evaporation section was not enough to maintain the
continuous boiling of Na-K alloy, so that the temperature of each measuring point in the
condenser section decreased rapidly, and the temperature of each measuring point in the
evaporator section rose again. A new boiling occurred when the temperature of measuring
point 1 reached about 650 °C again, and then the heat pipe repeated this process to form
geyser boiling.

Compared with the temperature fluctuation under different heating power in Figure 5,
with the increased of heating power, the temperature distribution at the beginning and the
end of each single boiling was very close. Because the working fluid returned to the same
state after each boiling, increasing the heating power only increases the boiling frequency.

The time-average wall temperature of each measurement point is the average value of
temperature within 5 boiling after the stable fluctuation. Figure 6 shows the time-average
wall temperature distribution of heat pipe under different heating power. The average
temperature of condenser section was obviously increased with the heating power, and
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the temperature uniformity was slightly improved. Due to the strong heat transfer ability
of forced convection, there was a large temperature gradient along the heat pipe, the
vapor temperature decreased rapidly after entered the condenser section. The temperature
gradient at 795 mm to 970 mm decreased obviously, indicating that there was less Na-K
alloy here and the flow state is rarefied vapor flow.

600 Evaporator section | | Condenser section|
500 o
9 N
o 400 o\l
2 |
< 1
o
g | I
= 200 o
—=— 800W : |
| —e— 1000W ! !
100 | ——1200W o
L | —v— 1400W L
0 1 | 1 | 1 : | i 1 | 1
0 200 400 600 800 1000

Position (mm)
Figure 6. Average temperature distribution of heat pipe under different heating power.

Figure 7 shows the start-up time and average temperature of evaporator section during
each boiling under different heating power. The start-up time is the first time of intense
boiling of the heat pipe. The average temperature of evaporator section was calculated
according to Equation (6) from Figure 6. The start-up time decreased as the heating power
increases, indicating that the heating power has greater influence on the temperature of
working fluid in the non-boiling state. The next boiling time will be reduced, and it can be
seen in Figure 5 that the fluctuation frequency increased at higher heating power. Geyser
boiling would not make the maximum temperature of evaporator section continue to
increase, the temperature of P6 in the insulation section was maintained at about 400 °C.
That meant the starting condition of each boiling and the temperature of vapor was very
close to 400 °C during a single boiling, so the average temperature of evaporator section
had small differences, and the temperature of the evaporation section is relatively close
in Figure 6. It means that Na-K alloy heat pipes can work at lower temperature under
geyser boiling. With the increased of heating power, the mass of vapor produced in single
boiling increased, and the average temperature of evaporation section increased after a
single boiling.

Figure 8 shows the average temperature difference of some measurement point at
the condenser section in each single boiling and the average fluctuation cycle of each
single boiling. With the increased of heating power, the evaporation of the working fluid
increased, and the condenser section temperature increased obviously after the end of
single boiling. Since the average temperature of evaporation section under different heating
power in Figure 7 has little difference, it shows that the mass flow of working fluid during
single boiling increases with the heating power. When the heating power was 800 W, the
geyser boiling cycle was obviously longer, so the temperature difference in the condenser
section was obvious in Figure 6. The lower heating power made the temperature rise slowly
in the evaporator section, it took a longer time to reach the required boiling temperature.
As the heating power reached 1400 W, the mass of vapor reaching the condenser section
was higher, and it needed more time to cool due to the heat dissipation condition of the
condenser section, so the temperature fluctuation frequency was close to the frequency
under 1200 W heating.
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Figure 8. Average temperature difference and fluctuation cycle of condenser section during
geyser boiling.

4.3. Heat Transfer Performance

The temperature change in the middle of the condenser section was most obvious in a
single boiling. The wall temperature was greatly affected by the cooling water when the
vapor just entered the condenser section. Because the vapor temperature was higher before
boiling, the wall temperature change was small at the entrance of condenser section. When
the vapor arrived the end of the condenser section, most of the heat had been taken away
by the cooling water, the cooling water temperature was also increased and the cooling
capacity decreased, so the temperature change of the heat pipe was also small at end of the
condenser section.

Figures 9 and 10 show the heat transfer quantity, the equivalent heat transfer co-
efficient, the equivalent thermal resistance, and the surface heat transfer coefficient of
evaporator section and condenser section of heat pipe during working process according
to Equations (1)—(5). With the increase of heating power, the heat transfer performance
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of heat pipe was improved. Because the average temperature of the evaporator section
changed little, it can be further proved that the mass flow of working fluid increases with
the heating power in single boiling. The heat transferred by the heat pipe was only about
half of the input of the heating controller, and a lot of heat was lost by the heating furnace.
In this study, the minimum thermal resistance was about 0.6 K/W, and equivalent heat
transfer coefficient could reach about 5500 W/(m?-°C).

1.2
800 - —=— Heat transfer quantity 1 é\
= 750 __ 0\\ - -o- - Equivalent thermal resistance —_ 1.1 M
2700 - 110 g
5.650 - 109 8
5 I 7 <
< 600 - Jog &
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Figure 9. Heat transfer quantity and equivalent thermal resistance of heat pipe under different

heating power.
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Figure 10. Heat transfer coefficient of heat pipe under different heating power.

Compared with Figures 6, 9 and 10, although there was a large temperature gradient
along the heat pipe under 800 W to 1400 W heating, the increased of heating power could
improve the evaporation rate and promoted the heat transfer of the evaporator section.
Due to a large amount of vapor entered the condenser section, the heat transfer of the
condenser section had been promoted and the vapor flow rate was increased, so the heat
transfer coefficients increased linearly.

Table 3 presents the operating parameters of Na-K heat pipe under different heating
power. From the Table 3, the effective heat transfer of heat pipe increased with the heating
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power, but the maximum temperature of heat pipe and the average temperature of evapo-
ration section (Te) change little, while the fluctuation cycle of geyser boiling decreased and
the average temperature of condensation section (T.) increased. Therefor, the geyser boiling
mainly increases heat transfer by increasing boiling frequency rather than increasing the
temperature of Na-K heat pipe.

Table 3. Operating parameters of Na-K heat pipe under different heating power.

Maximum

Heating Average Temperature of Fluctuation Average Temperature of Effective Heat
Temperature of . . .
Power . Evaporator Section (T) Cycle Condenser Section (T.) Transfer Quantity
Heat Pipe
800 W 696.3 °C 508.1 °C 3.02 min 133.0 °C 4612 W
1000 W 672.7 °C 510.7 °C 2.51 min 146.6 °C 5185 W
1200 W 679.5°C 516.5 °C 2.20 min 166.3 °C 6442 W
1400 W 684.4 °C 521.2°C 2.15 min 172.8 °C 7931 W

Although geyser boiling will cause temperature fluctuation and shell vibration. Geyser
boiling can make Na-K alloy heat pipe working at lower temperature. Table 3 presents the
maximum temperature of heat pipe under geyser boiling was only about 700 °C when the
effective heat transfer quantity of heat pipe reached 800 W. Compared with our previous
work of Guo et al. [24], under the natural convection cooling, the effective heat transfer
quantity can reach 800 W only when the maximum temperature is above 800 °C. Therefore,
geyser boiling reduced the operating temperature of the Na-K alloy heat pipe by 100 °C.

Geyser boiling also can make Na-K alloy heat pipe have higher heat transfer quantity
at lower temperature. Figure 6 and Table 3 present that when the maximum average
temperature of the evaporator section was 600 °C, the effective heat transfer quantity under
geyser boiling reached 800 W. While the Na-K alloy heat pipe has not start at the same
temperature under natural convection cooling conditions, and the effective heat transfer
was less than 50 W [24,25].

5. Conclusions

Due to geyser boiling can occur before continuous flow is formed in the condenser
section under forced convection cooling, the start-up capacity and heat transfer capacity of
a Na-K alloy heat pipe under forced convection cooling were experimentally studied at
different heating power (800 W, 1000 W, 1200 W and 1400 W). The Na-K alloy heat pipe
can work in geyser boiling mode, and transfer a lot of heat quantity at lower temperature
than natural convection cooling. The main conclusions were as follows:

(1) Geyser boiling can reduce the minimum operating temperature of Na-K alloy heat
pipe, and can have higher heat transfer capacity than natural convection cooling at
lower temperature.

(2) Inthe geyser boiling process, the increase in the average temperature of the condens-
ing section is caused by the increase in the mass flow of the Na-K alloy working fluid.
And the small change in the average temperature of the evaporation section is caused
by the small change in the boiling temperature.

(3) The increase of heating power leads to the increase of Na-K alloy working fluid mass
flow during single boiling, which further leads to a linear increase of heat transfer
capacity. But because of the cooling capacity, the boiling frequency does not increase
linearly.
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Nomenclature

A Surface area, m?

App  Heat pipe axial section area, m?

Cp Specific heat of cooling water, J/(kg-K)

D Height of vapor space, m

G Mass flow of cooling water, kg/s

h Heat transfer coefficient, W /(m?-K)

hija Convective heat transfer coefficient between outer wall of cooling water jacket and air,
W/(m?2-K)

K Equivalent heat transfer coefficient of the heat pipe, W/(m?-K)

M Molar mass, g/mol;

P Measuring point

Q Heat transfer quantity of heat pipe, W

R Thermal resistance, °C/W

Rg Universal gas constant, J/(K-mol)

T Time-averaged temperature, °C

Ty Vapor transition temperature, K

Greek symbols

o Density, kg/ m3
u  Viscosity, Pa-s
A Length of mean free path of vapor, m

Subscripts

1-15 Measuring point 1 to 15
a Adjiabatic section

C Condenser section
e Evaporation section
j Water jacket
v Vapor
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