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Abstract. Mercury heat pipe has the advantages of good thermal stability and low saturated vapor pressure,
which is the best choice for the transition from water heat pipe to liquid metal heat pipe. The effects of heating
power and heat pipe structure on start-up time and steady-state heat transfer performance of mercury heat

pipe were studied by using transient thermal network model. The results showed that: 1) Increasing the length

of condenser is beneficial to reducing the start-up time and thermal resistance; 2) Increasing the heating power
or wall thickness will reduce the thermal resistance, but increase the start-up time, and increasing the porosity
of wick is just the opposite; 3) Increasing the thickness of wick can increase both the start-up time and the

thermal resistance.

1 Introduction

Heat pipe is one of the most effective heat transfer device
and It can transfer a large amount of heat through a small
cross-section area over a long distance without any
additional external power, which is widely used in the
fields of Electronics[1], chemical industry[2-3],
aerospace[4-5] and deep space exploration[6-7]. In recent
years, many researchers have done a lot of research on the
performance of heat pipe. Anand studied the effect of
evaporator length on the maximum heat transport of
ammonia heat pipe. It was found that the longer the
evaporator, the smaller the critical heat flux[8]. Miao et al.
found that the critical heat flux increases with the increase
of cooling temperature for bent water heat pipe[9]. Zhang
et al. studied the isothermal characteristics and start-up
performance of gravity cesium heat pipe at constant
temperature. It was found that when the heating
temperature is in the range of 330 °C ~ 630 °C, the higher
the temperature of the heating furnace, the faster the start-
up of the heat pipe[ 10]. Wang et al. investigated the effect
of heating power on the thermal resistance of potassium
heat pipe. It was demonstrated that with the increase of
heating power, the thermal resistance of potassium heat
pipe first decreases and then increases[11]. Teng et al.
analyzed the start-up and heat transfer performance of
sodium heat pipe under swing conditions[12]. Tournier
and El-Genk discovered that when the lithium heat pipe
reaches steady state, the wall temperature near the end of
condenser drops sharply by 450K[13].

In a word, these studies mainly focus on whether the
start-up of heat pipe can be carried out, the critical heat
flux and the steady-state heat pipe thermal resistance,
while the study on the start-up time of heat pipe is rare,
especially for the mercury heat pipe. In this paper, the
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start-up time and thermal resistance of mercury heat pipe
are studied by using transient thermal network and
the result can provide reference for the design of mercury
heat pipe.

2 Theoretical models[14]

Mercury heat pipe is divided into evaporator section,
adiabatic section and condenser section. Each section is
composed of heat pipe wall section, wick section and
steam chamber section. The thermal resistance of mercury
heat pipe is considered to be the result of series and
parallel connection of a series of thermal resistances. Fig.
1 shows a network system for the mercury heat pipe
operation, a) shows a heat transfer sketch of heat pipe and
b) shows a heat transfer simplified network model of heat
pipe. Since mercury heat pipe can form continuous flow at
room temperature, the thermal resistance of steam
chamber is very small and it can be ignored.

R,

Q, Heat sink Q,

a) A heat transfer sketch of heat pipe

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 245, 03012 (2021)

https://doi.org/10.1051/e3sconf/202124503012

A represents the cross-sectional area of the part i, m2;
0, represents the thermal conductivity thickness of the
part i, m; C,; represents the constant pressure specific

heat capacity of the part i,J/ (kg - K); T,

represents the
temperature of the part i, °C; ¢ represents the time, s;

O, represents the input power of the part i, W; O,

represents the output power of the part i, W; A,
represents the thermal conductivity of the part i, W /
(m - K); T~ T;, represents the front temperature and
the rear temperature along the heat conduction direction of
the part i respectively, K; o, represents the thermal
diffusivity of the part i.

Energy conservation equations are established for

seven parts of mercury heat pipe, as shown in Egs. (5-10)
respectively.
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Fig.1. A network system for the mercury heat pipe operation 7; = 5_24[534T3 + (543 +7, - 2) T, +nT5 + 1,15 ]
4
8
where R1 represents the radial thermal resistance of the 2a, h, ST, /2 ®)
evaporator, R2 represents the radial thermal resistance of * 52 QA 18, +AA | S, +AA 5, +h, S, /2
wick in evaporator, R3 represents the radial thermal I, 2a T
resistance of wick in condensator, R4 represents the radial s T +n.T, +(, + DT+, +7)T]
thermal resistance of heat pipe wall in condenser, RS dt 52 h g s ’75 3 s 16 )6
represents the axial thermal resistance of wick in 2a 0 /2
insulation section, R6 represents the axial thermal 525 NI Al /5.4 A A1 5, ©)
resistance of heat pipe wall in insulation section, R7 4 + * 464
represents the convective thermal resistance in 20:5 h, ST, 12
condensator, and R8 represents the thermal resistance of 52 MA, | S+ A A S+ A Ay | Sy +h, S, 12
steam chamber.
' As§uming that the temperature of each part of the heat ﬂ - 2026 [T, +n,T, + (1, + 775' )T, + (17, + ,7; -2)T,]
pipe is uniform and expressed by TI1-T7, energy d o,
conser\{atilon is applied to them and shown in Egs. (1-4) . 2a, 0,/2
t . o
fespectively . 67 AA |8 +AA 5+ A AN,
piAié‘icp‘i d_tl =0, - Qi,2 (1) 2a, h, CSCTOc 12
+
o /11477: -T 5 S, A Ay 0y + A A | 05+ A A O +h, S, /2
w2 @ (10)
Q. =44 I,-T, 3) &;»7; and 7, are shown in Eqgs. (11-13) respectively.
i2 44 5 /2 /1 A/
dT, _ 2¢, =—7 7 (11)
T,+T,-2T 4 Si
dt 52 ( i2 1) ( ) ﬂ Iy + . /
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The thermal conductivity and volume heat capacity of
the wick are shown in Egs. (14-15).
_ A24, + 4 -2(-&)(4, - 4)] (14)
" 2L+ A +(1-&)4, -4)
(po),, = (1=&)(po), +&(pe), (15)
Where A, represents the thermal conductivity of liquid

n = (13)

metal mercury, W / (m - K); A represents the thermal
conductivity of wick wire mesh, W / (m - K); €&
represents the porosity of wick.
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Longo Kutta method was used to solve the above
equations.

3 Results and discussion

The parameters of mercury heat pipe in this study are
shown in Table 1.

Table 1 Structural parameters of mercury heat pipe[15]

Parameter Value
Material of heat pipe wall 316L
Material of wick structure 316L
Thickness of wick (mm) 0.247
Thickness of heat pipe wall (mm) 2.5
Outer diameter of heat pipe (mm) 25
Porosity of the wick structure 0.7
Length of the evaporator (mm) 950
Length of the insulation section (mm) 320
Length of the condenser (mm) 480

3.1 Validation of the mercury heat pipe mode

In order to verify the effectiveness of the calculation
model, the calculation result data are compared with the
experimental data of mercury heat pipe in reference [17].
Fig. 2 shows the comparison between the calculated result
data and the experimental data.The calculated result data
is in good agreement with the experimental data,
especially the temperature data of the evaporator. The
temperature calculated result data of the adiabatic section
and the condenser are slightly higher than the
experimental data, which is mainly due to the heat loss in
the adiabatic section during the heat pipe experiment.

950

900

850 -

800

Temperature /K
e | ~
(=] W
(=] (=]
T T

0O Experimental data of evaporator
Calculated results of evaporator
A Experimental data of insulation
Calculated results of insulation
600 - Experimental data of condenser
Calculated results of condenser

=Y

Y

IS
T

550
600 800 1000 1200 1400 1600 1800 2000 2200 2400

Heating power /W

Fig. 2. Comparison of calculated and experimental temperature
data of heat pipe

3.2 Start-up time analysis of the mercury heat
pipe

Fig. 3 shows the temperature change of the condensation
section with time under 700 W heating power. Since the
temperature of the condensator is low in the early start-up
stage of heat pipe, most of the heat is stored in the heat
pipe and the temperature of the heat pipe rises rapidly.
With the increase of the temperature of the heat pipe, the

output heat of the heat pipe also increases, and only a small
part of the input heat is used for the heating of the heat
pipe itself, so the temperature rise of the heat pipe slows
down, and finally tends to a stable value.Because the time
for the heat pipe to be completely stable is very long, it is
considered that the heat pipe is stable when the
temperature change of the heat pipe is not more than 0.1K
within 1min. The start-up time of the mercury heat pipe is
60 min as clearly shown in Fig. 3. The mercury heat pipe
does not show a huge temperature difference in the early
stage of start-up, which is different from alkali metal Na,
K and Li heat pipes. This is mainly because Mercury heat
pipe can form continuous flow at room temperature.

Temperature of condenser /K

60 —700W
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Start-up time /min

Fig. 3. The temperature of the heat pipe condenser for different
time

Fig. 4 shows the effect of different heating power on
the start-up time of mercury heat pipe. With the increase
of heating power, the start-up time of heat pipe also
increases. When the heating power increases from 700W
to 2800W, the start-up time has increased by 22%.
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Fig. 4. The start-up time of heat pipe for different heating
power

Fig. 5 shows the effect of different wall thickness on
the start-up time of mercury heat pipe under different
heating power for the same inner diameter. As the increase
of the wall thickness, the heat storage capacity of the
mercury heat pipe increases accordingly. Therefore, the
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start-up time of mercury heat pipe increases with the
increase of wall thickness. The start-up time increases by
133% when the wall thickness increase from Imm to 4
mm.
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Fig. 5. The start-up time of heat pipe for different wall
thickness

Fig. 6 shows the influence of different wick thickness
on the start-up time of mercury heat pipe under different
heating power for the same inner diameter of the heat pipe.
Similar to increasing the wall thickness, increasing the
thickness of the wick will also increase the heat storage
capacity of the mercury heat pipe , and the start-up time is
increased accordingly. The start-up time increased by 33%
when the wick thickness increases from 0.25 mm to 2 mm.
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Fig. 6. The start-up time of heat pipe for different wick
thickness

Fig. 7 shows the influence of different porosity of wick
on the start-up time of mercury heat pipe under different
heating power. The change of porosity will change the
physical properties of the wick. When the porosity
changes from 0.4 to 0.95, the start-up time of the heat pipe
decreases by 4.5%. This means that the porosity has little
effect on the start-up time of mercury heat pipe.
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Fig. 7. The start-up time of heat pipe for different porosity of
wick

Fig. 8 shows the effect of different condensing section
length on the start-up time of mercury heat pipe under
different heating power. Although the increase of the
condensation section will increase the heat storage of the
heat pipe itself, thus increasing the start-up time, however,
it will reduce the thermal resistance, thus reducing the
steady-state temperature of the heat pipe and reducing the
start-up time. From the calculation results, the start-up
time of the heat pipe decreases with the increase of the
condensing section. When the condensing section
increases from 700mm to 1500mm, the start-up time
decreases by 44.8%.
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g. 8. The start-up time of heat pipe for different condenser
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3.3 Thermal resistance analysis of the mercury
heat pipe on steady-state

Fig. 9 shows the effect of different heating power on the
thermal resistance of mercury heat pipe. With the increase
of heating power, the steady-state working temperature of
heat pipe also increases. As the thermal conductivity of
heat pipe material is related to temperature, the thermal
resistance of heat pipe will change with the change of
temperature. when the heating power changes from
700W to 2100W, the thermal resistance of heat pipe
decreases by 17.1%
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Fig. 9. The thermal resistance of heat pipe for different heating
power

Figure. 10 shows the effect of different wall thickness
on the thermal resistance of mercury heat pipe for the same
inner diameter. With the increase of the wall thickness, the
heat dissipation area of the heat pipe increases and the
thermal resistance R7 will decrease , though the radial
thermal resistance inside the heat pipe increases. the total
thermal resistance of the heat pipe will decrease, which
can be seen clearly from the Figure 10. When the wall
thickness increases from 1 mm to 4 mm, the thermal
resistance decreases by 20.2%.

0.54
= TOOW
n —o— 1400W
0.52 | —2 2100W

=

o 050 -

)

2

S48 -

W

4

2

5 046 -

g

5

=

=044 -

042 | ¥

Il 1 1 1 1 1 1
1.0 15 2.0 25 3.0 35 40

The wall thickness of heat pipe /mm

Fig. 10. The thermal resistance for different wall thickness of
heat pipe

Fig. 11 shows the effect of different wick thickness on
the thermal resistance of mercury heat pipe. With the
increase of the wick thickness, the thermal resistance
increases. When the wick thickness increases from 0.25m
to 2mm, the thermal resistance increases by 1.2%.
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Fig. 11. The thermal resistance for different wick thickness of
heat pipe

Fig. 12 shows the effect of different porosity on the
thermal resistance of mercury heat pipe. As mercury has
lower thermal conductivity than 316L stainless steel, the
thermal resistance of the wick increases with the increase
of porosity. When the porosity changes from 0.4 to 0.95,
the thermal resistance increases by 0.1%.

. /_/

0.4680 -

-
<
.
>
=
50

0.4672 -

Thermal resistance /K- W
o
e
an
3
B
T

0.4670

—C— T00W
—o— 1400W
I / — 2100w
0.4668 -
L L 1 L 1 L 1 " L L 1 L
04 05 06 07 08 0.9 1.0

The porosity of wick
Fig. 12. The thermal resistance for different porosity of wick

Fig. 13 shows the effect of different condensing length
on the thermal resistance of mercury heat pipe. With the
increase of the condensator length of the heat pipe, the
heat dissipation area of the heat pipe increases, and the
thermal resistance of the heat pipe decreases . When the
condensator length increases from 750mm to 1500mm,

the thermal resistance decreases by 27.8%.
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4 Conclusion

In this paper, a transient thermal network model for
mercury heat pipe was established. The validity of the
model was demonstrated by comparing with the
experimental data in the literature, and the effects of heat
pipe structure and heating power on the start-up time and
thermal resistance were studied. The results are as follows:

(1) With the increase of heating power, the wall thickness
and wick thickness, the start-up time of mercury heat
pipe increases.the wall thickness has the greatest
effect up to 133%, while the heating power has the
least effect only 17%. The start-up time decreases
with the increase of porosity or the length of
condenser. The condenser length has a greater
influence than the porosity on the start-up time.

(2) As the thickness or porosity of wick increases, the
thermal resistance of heat pipe increases, but both of
the factors have little effect on the thermal resistance,
and the maximum influence is only 1.2%. The
increase of heating power, wall thickness and
condenser length is beneficial to reduce the thermal
resistance, and the condenser length has the greatest
effect up to 27.8%

(3) Among all the variables, increasing the thickness of
wick is unfavorable to both start-up time and thermal
resistance, while increasing condenser length is
favorable to both start-up time and thermal resistance
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