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High-temperature heat pipes have broad application prospects in
terms of thermal protection of hypersonic aircraft and cooling of
space nuclear reactors. In this paper, a high-temperature heat pipe
heat transfer performance experimental platform is built to study
the heat transfer performance of high-temperature heat pipes at
different inclination angles. A heat transfer network model of
high-temperature heat pipes containing non-condensable gas is
established to analyze the influence of non-condensable gas. The
results show that as the inclination angle of the heat pipe increases,
the start-up time of the heat pipe does not change. The heat transfer
performance is best when the inclination angle is 30°.
High-temperature heat pipes containing non-condensable gas will
reduce the effective length of the high-temperature heat pipe,
increase the thermal resistance, and reduce the heat transfer
performance. The high-temperature heat pipe analysis model with
non-condensable gas established in this paper can be used to
predict the heat transfer performance of high-temperature heat
pipes containing non-condensable gas.
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1. Introduction
High-temperature heat pipes are one of the hot research directions in the field of heat
pipes, and they have broad application prospects in terms of thermal protection of hypersonic
aircraft, cooling of space nuclear reactors and solar energy utilization [1-3]. However, due to
the high working temperature of high-temperature heat pipes, its working fluid, wick, and
pipe materials have certain special characteristics. Some of the existing laws and properties in
medium and low temperature heat pipes may no longer be applicable to high-temperature heat
pipes. The experimental conditions of heat pipes are relatively harsh and there are still
insufficient researches on the performance of high-temperature heat pipes.
There are some basic heat pipe experiments: Thomas et al. [4] explored the monel /
water heat pipes as an option for operation up to 300°C. Life tests of up to 30000 h have
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shown good compatibility at 250°C. Rongji et al. [5] investigated the dynamic response of
pulsating heat pipes and the results shows that the dynamic response time constant of pure
fluids decreases when the quantity of the liquid working fluid in the pulsating heat pipe
decreases with the increase in heating power. Sriram et al. [6] investigate the heat transfer
performance of pulsating heat pipe using self-rewetting fluids of high carbon alcohols. The
latent heat of vaporization plays an important role in the heat transfer performance of
pulsating heat pipe. It was observed that the high carbon alcohols showed a decrease in the
latent heat of vaporization. S.U.N[7] according to the thermodynamic model established the
heat generation model and coupled heat transfer model of the battery with multi-stage heating
method based on flat heat pipes. Different heating powers are assigned to different heating
points and the total heating power is kept constant. Mahdavi et al. [8] investigated the effect
of the working fluid fill volume, inclination angle, and heat input on the equivalent thermal
resistance of the heat pipe. Yu et al. [9] investigated the start-up performance of
high-temperature heat pipe through experiments and the results show that the inclination
angle has an obvious influence on the start-up characteristics of high-temperature heat pipe.
When the heat pipe is placed horizontally, the temperature rise rate of the heat insulation part
"lags". Ding et al. [10] carried out an experimental study on the specific structure of the
high-temperature heat pipe. The results show that the higher the input power, the shorter the
start-up time of the high-temperature heat pipe and the inclination angle of the heat pipe has
little effect on the starting performance. The inclination angle increases from 0° to 90° and the
steam flow transition temperature of the heat pipe is the same, the start-up time is the same,
and the equilibrium temperature is the same. Shen et al. [11] carried out experimental
research on heat transfer characteristics of high-temperature heat pipe with special structure
under different heating conditions. The results show that the starting time and temperature of
constant heating power are basically equal to that of periodic alternating power with the same
average power. Nina et al. [12] investigated the high-temperature heat pipes with a ceramic
container consisting out of sintered silicon carbide (SSiC) and with zinc as working fluid. The
results show that the best performance is reached with a filling amount of 100 g zinc as
working fluid, which comes up to a filling height of about 11% of the total heat pipe length
under liquid conditions.
At the same time, the life of heat pipe is a hot topic in the research of heat pipe. In
many heat pipe experiments, researchers found that the generation of non-condensable gas
(NCG) in the heat pipe is considered as one of the main factors affecting the life of heat pipe
[13]. The researchers found that the existence of a certain amount of non-condensable gas is
helpful to the start-up stage of high-temperature heat pipe. Ochterbeck et al. [14] investigated
the effect of non-condensable gas on the start-up of heat pipe by establishing a
one-dimensional transient model. The freezing start-up of high-temperature heat pipe
becomes easier after adding non condensable gas. However, the existence of non-condensable
gas may cause the start-up difficulty or failure of the loop heat pipe [15]. By using the
characteristic of non-condensable gas affecting the thermal resistance of high-temperature
heat pipe, a variable heat conduction heat pipe (VCHP) can be made [16], or the working
temperature of LHP can be actively and accurately controlled [17]. However, the specific
effect of non-condensable gas on the heat transfer performance of high-temperature heat pipe
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is still relatively small, which has a more important reference role for the application design
and performance optimization of high-temperature heat pipe [16, 18].

2. Experimental system
The experimental system consists of three parts: heating equipment, high-temperature
heat pipe, temperature measurement and recording output system. Test system diagram and
thermocouple measuring point layout are shown in Fig. 1.

Fig. 1 Test system diagram and thermocouple measuring point layout
The working fluid of high-temperature heat pipe is sodium, and the fill volume is 175
g. The specific parameters of heat pipe are shown in Tab. 1. A series of K-type thermocouples
are arranged in the axial direction of the heat pipe to measure the temperature of the
high-temperature heat pipe. The location of the thermocouple measuring points is shown in
Fig. 1. The temperature values of each measuring point are automatically collected and
recorded by the data acquisition instrument.
Table 1 Parameters of sodium heat pipe
Parameter

Numerical value

Heat pipe length (mm)
Length of evaporation section (mm)
Length of insulation section (mm)
Length of condensing section (mm)
Working fluid
Working fluid filling capacity (g)
Wall material
Outer diameter of heat pipe (mm)
Inner diameter of heat pipe (mm)
capillary wick

1000
100
350
550
sodium
175
stainless steel
32
28
stainless steel wire mesh

3. Uncertainty analysis
Reliable temperature and heat flux measurements are vital, so the uncertainty analysis
is necessary. The temperature is measured by the K-type thermocouples and recorded by
multi-channel data logger. The precision of the calibrated thermocouple is 1°C when the
maximum calibrated temperature is 1000°C. The precision of the multi-channel data logger is
0.2%. In this study, the experimental measurement temperature is from environmental
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temperature 20℃ to maximum heat pipe temperature of 750°C. Thus, the uncertainty of
temperature can be culculate as:
(1)

(2)

(3)
where
is the uncertainty of temperature, l is the precision of the multi-channel data
logger and tc is the precision of the calibrated thermocouple.

4. Results and discussions
For the study on the heat transfer performance of high-temperature heat pipes, typical
performances such as start-up performance and temperature uniformity are usually studied.
The start-up time of the heat pipe reflects the heat response speed of the heat pipe and
temperature uniformity is an important manifestation of the heat transfer effect of
high-temperature heat pipes.
The “flat-front startup model” is usually used to predict the startup process of
high-temperature heat pipes [19]. The time from the beginning of heating to the formation of
a continuous stream of steam at the outlet of the evaporation section is defined as the start-up
time. Then the start-up time can be calculated by the following formula:
(4)

hw

(5)
where τ is the start-up time of the heat pipe, c is the heat capacity of heat pipe, l is the length
of the evaporation section of the heat pipe, Thw is the temperature of hot zone of heat pipe, Ta
is the temperature of cold zone of heat pipe, Q is the heating power of the heat pipe, cw is the
heat capacity of the heat pipe wall, cws is the heat capacity of the wick, ε is the porosity of
capillary wick.
4.1. Effect of inclination angle on performance of high-temperature heat pipe
In the experiment, the performance of high-temperature heat pipe was tested under the
same heating power (3000 W) and different inclination angles (0°, 30°, 60° and 90°), and the
results are shown in Fig. 2. It shows the temperature variation of sodium heat pipe with
different inclination angles. It shows the change of start-up time of heat pipe when the
inclination angle of heat pipe increases from 0° to 90° in Fig. 3. It can be seen from Fig. 3 that
the influence of inclination angle on start-up time is not very significant, and the fluctuation is
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very small. As the inclination angle changes, the start-up time of the heat pipe does not
change more than 5%. It can be seen from Eq. (4) that the start-up time is related to the heat
capacity and heating power of the heat pipe. When the heating power remains the same, the
start-up time is determined by the heat capacity of the heat pipe. The experimental results are
consistent with the prediction results of the " flat-front startup model". This conclusion is
consistent with the result in [20] that the inclination angle has little effect on the start-up time
of the heat pipe.

Fig. 2 Temperature variation of 3000 W heat pipe with different inclination angles
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Fig. 3 Start-up time chart of 3000 W heating power with different inclination angles
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The axial temperature distribution of heat pipe at different inclination angles is shown
in Fig.4. It can be seen from Fig. 4 that with the increase of heat pipe inclination angle, the
heat transfer performance of heat pipe first increases and then decreases, and the heat transfer
performance is the best when the inclination angle is 30°. Senthil [21] investigated the heat
pipe with deionized water as the working fluid and the results showed that the heat pipe at an
inclined position of 45° has about 71% higher heat transfer coefficient with minimum thermal
resistance when compared to the horizontal and vertical positions. This difference is mainly
due to the different structure of the heat pipe.
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Fig. 4 Axial temperature distribution of heat pipe with different inclination angles at
3000 W heating power
4.2. Influence of non-condensable gas on heat transfer performance of high-temperature
heat pipe
From the axial temperature distribution diagram of high-temperature heat pipe shown
in Fig.4, it can be seen from Fig. 4 that the heat pipe contains a certain amount of
non-condensable gas, which has a certain impact on the heat transfer performance of the heat
pipe. It is difficult to completely avoid the non-condensable gas in the process of
manufacturing and using the heat pipe[13]. Therefore, it is necessary to consider the influence
of non-condensable gas when studying the high-temperature heat pipe. The common analysis
model [22] of high-temperature heat pipe does not consider the influence of non-condensable
gas.
The heat transfer model of non-condensable gas in heat pipe during steady state
operation is usually compared with circuit model [23]. The typical network model of heat
pipe is shown in Fig. 5 [15]. The thermal resistances are defined as the ratio between
temperature differences and the heat power transferred. In this figure, R1 and R9 are related to
the external heat exchange phenomena; R2, R8 and R10 are related to the heat conduction
through the tube wall in the axial (evaporator and condenser regions) and longitudinal
directions, respectively; R3 is related to the evaporation, and has two sub regions: the pool
boiling resistance, in the evaporator rear region where working fluid accumulates, and the
liquid film in the wall; R4 and R6 are the thermal resistances associated with the interface
liquid–vapor, for the evaporator and condenser, respectively, usually neglected; and, finally,
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R5 is the thermal resistance associated with the vapor flow inside the tube. R7 is the
condensation resistance.

Fig. 5 Typical network model of heat pipe without NCG [15]
Heat is transferred from the outer wall of evaporation section, and transferred to
condensation section through axial heat conduction of heat pipe, or radial heat conduction of
evaporation section, working fluid evaporation, working fluid flow, working fluid
condensation, and radial heat conduction of condensation section finally transfers to
condensation section. The temperature of the outer wall of the evaporation section is Text, evap,
and the temperature of the outer wall of the condensation section is Text, cond. Tenv, evap and Tenv,
cond are the environment temperature. Considering the existence of non-condensable gas in the
heat pipe, the model of the improved heat pipe is shown in Fig.6.

Fig. 6 Heat transfer model of non-condensable gas section of heat pipe containing NCG
[15]
After adding non-condensable gas, the condensed gas will form a non-condensable gas
section at the tail end of the heat pipe under the action of steam pressure, and a certain
interface thermal resistance is considered at the interface between the non-condensable gas
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and the condensing section. R11 is the interface thermal resistance between the
non-condensable gas and the wall of the heat pipe. R12 is the interface thermal resistance
between the non-condensable gas and the working fluid steam. It can be calculated from the
area of the non-condensable gas and the interface heat transfer coefficient according to the
calculation formula in the figure. R13 is the heat conduction thermal resistance of the heat pipe
wall in the non-condensable gas section.
It is generally believed that under the heat flux below the boiling limit of the heat pipe,
the phase change of the liquid pool in the heat pipe is mainly evaporation or nucleate boiling.
But for the inside of the high-temperature heat pipe, the density of liquid metal, the viscosity
and heat capacity of the working fluid are relatively large. So, it is difficult to have severe
nuclear boiling. Therefore, it is assumed that the main phase transformation mode in the
evaporation section is evaporation [24]. In order to simplify the calculation, the following
assumptions are made: the evaporation section is full of liquid, the adiabatic section does not
participate in heat transfer and the condensation section is film condensation, forming a
uniform film on the pipe wall, the interface between the condensation section and NCG
section is plane, and the diffusion and mass transfer between NCG and steam are not
considered, as well there is natural convection heat transfer in NCG section.
Then the energy balance equation in part i can be obtained as follows
(6)

⁄

(7)

⁄

(8)

where ρi is the density of part i, Ai is the cross-sectional area of part i, δi is the length in the
direction of heat transfer of part i, cp, i is specific heat capacity at constant pressure of part i, Ti
is the temperature of part i, Ti,1 is the hot end temperature in the heat transfer direction of part
i, T i,2 is the cold end temperature in the heat transfer direction of part i, t is time, Qi,1 is the
input power of part i, Qi,2 is the output power of part i, λ is the thermal conductivity.
Using Newton's interpolation method to solve the simultaneous equations, the
temperature distribution solution of the high temperature heat pipe containing
non-condensable gas can be obtained.
4.2.1

The effect of non-condensable gas on effective length of the heat pipe

For the high-temperature heat pipe containing a certain amount of non-condensable gas,
the steam temperature and pressure in the steam chamber of the heat pipe (except NCG
section) has little change, so it is considered that the steam temperature and pressure in the
steam chamber are consistent. The saturated steam pressure can be calculated from the steam
temperature to get the pressure of the non-condensable gas section. According to the ideal gas
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calculation formula, the length calculation formula of non-condensable gas section is as
follows:
(9)

(10)
where L is the total length of the heat pipe, lNCG is the length of the non-condensable gas
section of the heat pipe, leff is the effective length of the heat pipe, N0 is the number of moles,
R is the gas constant (=PV/nT), TNCG is the NCG temperature, Ac is the tube cross section area,
PNCG is the NCG pressure.
4.2.2

The influence of non-condensable gas on temperature distribution

For the transition section (adiabatic section, the junction of steam and non-condensable
gas), the temperature distribution characteristics are similar to the following formula [25]:
(11)
where Tcond, TNCG, Tevap are the temperatures of the condenser, NCG and evaporator,
respectively (obtained from the averages of the temperature data in these regions), x is the
axial location, xv-NCG and xadiab are the positions of the interface vapor–NCG and of the
adiabatic section, sv-NCG and sadiab are parameters which rule the curve inclination in the
concavity change point.
The temperature distribution diagram of the high-temperature heat pipe containing
non-condensable gas along the length of the tube is shown in Fig. 7. The picture on the left
side of Fig. 7 is the actual measurement of the axial temperature distribution of the heat pipe
containing non-condensable gas, and the picture on the right side is the prediction diagram of
the theoretical model of the axial temperature distribution of the heat pipe containing
non-condensable gas. It can be seen from Fig. 7 that when the high-temperature heat pipe
reaches a steady state, three isothermal sections appear at one time along the axial
temperature distribution of the heat pipe. They are the evaporation section, the condensation
section and the non-condensable gas section. The temperature change from the evaporation
section to the condensing section is small, and the temperature from the condensing section to
the non-condensable gas section is greatly reduced because there is no mass transfer and the
heat transfer is solely dependent on heat conduction.
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Fig. 7 Temperature distribution along the length of the heat pipe containing NCG
In order to compare the model results with the experimental results, the axial
temperature distribution of the high-temperature heat pipe under different heating powers was
measured, and the results are shown in Fig. 8. It is shown in Fig. 8 that due to the limitation of
the thermocouple measuring point arrangement and the fitting sampling setting in the
experiment, some sections of the fitting curve show a wave shape. The adiabatic section is not
completely insulated, so an isothermal section also appears in the adiabatic section. The
approximate temperature trend is consistent with the model prediction results. The larger the
input power, the closer the fitting curve is to the model prediction result. As the input power
increases, the steam pressure in the heat pipe increases, the working fluid circulates faster,
and the boundary between non-condensable gas and working fluid steam becomes more
obvious. It is closer to the assumption that mass transfer is not performed at the interface
between the non-condensable gas section and the condensing section in the model. At the
same time, it can be concluded from Fig. 8 that the effective length of the heat pipe is about
710 mm.
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Fig. 8 Fitting curve of axial temperature distribution of heat pipes with different heating
power placed horizontally
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5. Conclusion
Through experimental research on the sodium working fluid high-temperature heat pipe,
the heat transfer performance of the sodium heat pipe under different inclination angles is
obtained. A heat transfer model of sodium heat pipe containing non-condensable gas was
established to study the effect of non-condensable gas on the heat transfer performance of
high-temperature heat pipes. The following conclusions may be made:
1. The inclination angle has no effect on the startup time of high-temperature heat pipes.
But when the inclination angle is about 30°, the heat pipe has the best temperature uniformity;
2. The presence of the non-condensable gas will reduce the effective length of the
high-temperature heat pipe, increase the thermal resistance and decrease the heat transfer
performance;
3. Using the sodium heat pipe heat transfer model containing non-condensable gas
established in this article, the length occupied by the non-condensable gas can be judged, and
the amount of non-condensable gas contained in the heat pipe can be calculated.
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Nomenclature
A – The cross-sectional area of the heat pipe, [m2]
c – Heat capacity of heat pipe, [Jm-1K-1]
cp – specific heat capacity at constant pressure, J/K;
cw – The heat capacity of the heat pipe wall, [Jm-1K-1]
cws – The heat capacity of the wick, [Jm-1K-1]
L – The length of the heat pipe, [m]
l – The length of the evaporation section of the heat pipe, [m]
leff – The effective length of the heat pipe, [m]
lNCG – The length of the non-condensable gas section of the heat pipe, [m]
N0 – The number of moles, [mol]
Padiab – The pressure of non -gaseous gas, [Pa]
PNCG – The NCG pressure, [K].
Q – The heating power of the heat pipe, [W]
R – Gas constant (=PV/nT), [Jmol-1K-1]
sadiab – The length of adiabatic section, [m]
sv-NCG – The length of the transition section between steam and non-condensable gas,
[m]
t – Time, s;
Ta – The temperature of cold zone of heat pipe, [K]
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Thw – The temperature of hot zone of heat pipe, [K]
Tcond – The temperature of condensation section, [K]
Tevap – The temperature of the evaporation section, [K]
TNCG – The temperature of the non-condensable gas section, [K]
x – Axial location, [m]
xv-NCG – The positions of the interface vapor–NCG;
xadiab – The positions of the adiabatic section;
Greek Symbols
δ – Length in the direction of heat transfer within the computing unit, [m]
ε – The porosity of capillary core, [–]
λ – The thermal conductivity, [Wm-1K-1]
ρ – Density, [kg/m3]
l – The precision of the multi-channel data logger, [–]
– The uncertainty of temperature;
tc – The precision of the calibrated thermocouple, [–]
τ – The start-up time of the heat pipe, [s]
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