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Two-phase closed thermosyphons have good thermal conductivity and are widely
used in heat transfer applications. It is essential to establish an effective method
for evaluating the steady-state heat transfer performance of two-phase closed
thermosyphons, as such a method can help to select appropriate designs and to
improve the efficiency of these devices. In this paper, the equivalent thermal con-
ductivity is derived by the principle of equal total thermal resistance, in which the
influence of the adiabatic length is eliminated. An evaluation model of the steady-
state heat transfer performance of two-phase closed thermosyphons is estab-
lished. Test results of three two-phase closed thermosyphons with total lengths of
220 mm, 320 mm, and 500 mm show that as the heat transfer rate increases, the
equivalent thermal conductivity of these devices decreases by 28.91 %, increases
by 6.10 % and increases by 10.02 %, respectively, among which the minimum val-
ue is 831.63 W/mK and the maximum value is 1694.19 W/mK. The decrease (in-
crease) in the equivalent thermal conductivity in the evaluation model indicates a
decrease (increase) in the heat transfer performance. The results show that the
equivalent thermal conductivity of the model can effectively evaluate the heat
transfer performance of two-phase closed thermosyphons.

Key words: two-phase closed thermosyphon, heat transfer performance,
evaluation model, equivalent thermal conductivity

Introduction

A two-phase closed thermosyphon, also known simply as a thermosyphon, is a kind of
heat transfer element with a high heat transfer efficiency [1]. These devices have the advantages
of simple structures, low manufacturing costs and excellent heat transfer performance [2]. A
two-phase closed thermosyphon has high reliability, high efficiency, low cost, and no wick,
moreover, two-phase closed thermosyphons are easier to manufacture than other types of ther-
mosyphons [3]. A thermosyphon is generally composed of a metal tube and a working fluid.
The manufacturing process of a thermosyphon involves pulling a vacuum on the metal tube,
filling the tube with the working fluid, and then sealing the thermosyphon. A schematic diagram
of the working principle of a two-phase closed thermosyphon is shown in fig. 1. A thermosy-
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back to the evaporation section [4]. The ther-
mosyphon has the advantages of a simple struc-
ture, stable operation and a wide working tem-
perature range, thus, thermosyphons are widely used in industrial fields [5]. The effective eval-
uation of the steady-state heat transfer performance of a two-phase closed thermosyphon can
guide its design under different working conditions, which is of great significance for improving
heat transfer efficiency in engineering applications.

At present, research on thermosyphons is generally based on the theory of heat trans-
fer, simulations with relevant software, and experimental measurements of heat transfer perfor-
mance. Kafeel and Turan [6] studied the heat transfer characteristics of a thermosyphon under
different pulsed heat increments, moreover, they simulated the evaporation and condensation
process of a thermosyphon with the Eulerian model, considering the effects of evaporation,
condensation, heat transfer and mass transfer at the interface in the two-phase region. Wang et
al. [7] used the modified Lee model based on the volume of fluid method and the original Lee
model to model the heat transfer behavior of a thermosyphon during geyser boiling via CFD.
Ma et al. [8] established a transient simulation model of a thermosyphon using SINDA/FLUINT
5.6. The evaporation section was heated with a water bath and the heat transfer rate and the total
heat transfer coefficient increased with increasing water bath temperature.

Aghel et al. [9] studied the heat transfer performance of a new condenser of a two-
phase closed thermosyphon that utilized distilled water as the working fluid. The wall temper-
ature difference between the evaporation section and the condensation section of the ther-
mosyphon with the new condenser was smaller than that of the ordinary thermosyphon.
Payakaruk et al. [10] studied the heat transfer characteristics of a two-phase closed thermosy-
phon filled with water, ethanol, R22, R123, and R134a at different inclination angles, filling
rates and input powers. The position-specific heat transfer ratio is the heat transfer rate when
the thermosyphon is placed at any angle compared with the heat transfer rate when the ther-
mosyphon is placed at a vertical angle. The position-specific heat transfer ratio is not affected
by the filling ratio but by the thermophysical properties of the working fluid. Esen and Esen
[11] studied the influence of different working fluids on the thermal performance of a two-
phase closed thermosyphon solar collector. In their study, they investigated the performance
of the device under sunny conditions and presented the detailed temperature distribution and
the energy collection efficiency. Jiao et al. [12] established a comprehensive model to study
the effects of heat input, working pressure, geometry and liquid filling ratio on the heat trans-
fer performance of a vertical thermosyphon. They obtained a combined correlation for the
heat transfer rate of the evaporation section based on the effective area, and they found that

Figure 1. Schematic diagram of the working
principle of a two-phase closed thermosyphon
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this correlation is superior to other heat transfer correlations. Sukchana and Jaiboonma [13]
carried out experiments on a straight copper tube thermosyphon with R-134a as the working
fluid to study the influence of the working fluid filling ratio and the adiabatic section length
on the heat transfer efficiency of the thermosyphon and subsequently determined the optimal
working conditions. Noie et al. [14] conducted an experimental study on the thermal perfor-
mance of a two-phase closed thermosyphon with different liquid filling rates under normal
working conditions and found that when the working fluid filling ratio was greater than 30%,
geyser boiling will occur, although this phenomenon does not limit the heat transfer perfor-
mance of the thermosyphon, it will damage the condensation section due to blockages or im-
pacts. Jafari et al. [15] conducted numerical simulations and experimental research on a two-
phase closed thermosyphon and found that, under the conditions of normal operation, the nu-
merical predictions for the maximum heat transfer rate caused by transient local dryout were
basically consistent with the experimental results.

In recent years, research on nanofluids has received increasing attention, thus,
nanofluids have been used to replace some conventional working fluids [16-18]. Naphon et
al. [19] enhanced the heat transfer characteristics of a heat transfer device by changing the
flow characteristics of the working fluid and proposed a method for improving the efficiency
of a heat pipe by using nanofluids. Khandekar et al. [20] studied the overall thermal resistance
of two-phase closed thermosyphons that utilized pure water and various water-based nanoflu-
ids as working fluids. The thermal performance of these nanofluids was not as good as that of
pure water. The wettability of the nanoparticles in the grooves of surface roughness results in
poor thermal performance. Yu et al. [21] carried out a numerical simulation of the transient
natural convection heat transfer of water-based nanofluids in a horizontal ring of a coaxial
cylinder. When the Rayleigh number was constant, the Nusselt number gradually decreased as
the volume fraction of the nanoparticles increased.

The heat transfer performance of two-phase closed thermosyphons has been studied
by many methods in the existing literature. The temperature difference between the evapora-
tion section and the condensation section of a two-phase closed thermosyphon is often used to
indicate the heat transfer performance of a thermosyphon, whereas an evaluation index of heat
transfer performance during steady-state operation is not given. In this paper, a heat transfer
evaluation model of a two-phase closed thermosyphon is established, wherein the equivalent
thermal conductivity is derived by the principle of equal total thermal resistance, and the in-
fluence of the adiabatic section length on the model is eliminated. The experimental results
show that the evaluation model can effectively assess the heat transfer performance of a ther-
mosyphon during steady-state operation, which is of great significance for engineering appli-
cations of two-phase closed thermosyphons.

Theory

According to the theory of heat transfer, the total thermal resistance, R, of a two-
-phase closed thermosyphon can be expressed:
lng—0 . . 1nd—°
R= Ly + + L (1)
2nA, L, hmdL, hmdl, 2nA,L,

where do, di, Le, and L. are the outer diameter, inner diameter, evaporation section length, and
condensation section length of the thermosyphon, respectively, 4w — the thermal conductivity of
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the tube wall material, and h. and h, — the convective heat transfer coefficients of the evapora-
tion section and the condensation section, respectively. The four thermal resistance terms on the
right side of eq. (1) can be divided into two categories: the first and fourth terms are the thermal
resistance, Ry, of the wall of the thermosyphon, and the second and third terms are the thermal
resistance, Ry, of the phase change heat transfer of the working fluid inside the thermosyphon.

In 2—0 In Z—O
Ry = o ——] )
2nA, L, 2mA, L,
1 1
(3)

R, = +
h,md;L, h.znd;L,

The heat transfer resistance in a thermosyphon is mainly composed of convective
heat transfer accompanied by the phase transformation between the evaporation section and
the condensation section. The saturation temperature drop caused by the pressure drop of the
steam flow from the evaporation section to the condensation section is equivalent to the exist-
ence of a negligible thermal resistance value, Bashir et al. [22]. The equivalent length, Les, is
defined, which can simultaneously characterize the lengths of the evaporation section and the
condensation section:

Lo = Lo + L, “)

The heat transfer process in a thermosyphon is convective heat transfer with phase
change. The factors that affect this heat transfer process are very complex. It is difficult to ob-
tain the specific values of he and h. through a theoretical analysis. Suppose that the thermal
conductivity of a cylinder is the equivalent thermal conductivity, Aefry, of the working fluid,
the length is the equivalent length, L, the cross-sectional area is the same as that of the vapor
space, Ay, and the equivalent thermal resistance is the same as that of the phase change heat
transfer of the working fluid, Ry, which can be expressed:

L
R, =—= )
ﬂ’eff,v'A\/
According to egs. (3) and (5), the expression of Aerry can be obtained:
4Leff

Ay =—— ©
o L, L
he LC hC LC

where Aery simultaneously takes into account the influence of the length of the evaporation
section, L., the length of the condensation section, L., and the convective heat transfer coeffi-
cients, he and he, on the heat transfer performance of the thermosyphon, while excluding the
influence of the length of the adiabatic section. The total thermal resistance of the thermosy-
phon is calculated:

R= Te =T _ AT

Q Q

where Te and T, are the average temperatures of the outer wall of the evaporation section and
the condensation section, respectively, and Q — the heat transfer rate of the thermosyphon.

(7
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According to egs. (1), (2), (5), and (7), the formula for calculating the value of Aesry is ex-
pressed:

L
/leff,V = % (8)
A Q-R.

where Ry term in the heat transfer resistance of the thermosyphon is equivalent to the same
cylinder size in eq. (5). According to eq. (2), the equivalent thermal conductivity Aesrw of the
tube wall is:
8L L A,
/Ieff,w = e—cd )
d.?In—2
d;
According to egs. (1), (5), and (9), the equivalent model of the total thermal re-
sistance of the thermosyphon can be obtained:

rber| 1 1 (10)
A\/ ﬂ’eff,v ﬂeff,w

In the evaluation model, the total equivalent thermal conductivity At of the two-
-phase closed thermosyphon is a parameter used to evaluate its steady-state heat transfer per-
formance, and the corresponding relationship with Aefry and Aesrw is:
1 1 1

—= + (11)
/Iff }“ff,v /1ff,w

(4 (3 (S

Experiments

A schematic of the experimental device is shown in fig. 2. The whole experimental
system is divided into four parts: the heat pipe part, the heating part, the cooling part, and the
temperature acquisition part. Three cylindrical copper two-phase closed thermosyphons with
ethanol as the working fluid and total lengths of 220 mm, 320 mm, and 500 mm are used in
the experiment and the specific parameters are given in tab 1. The volume of the working flu-
id varies, while the filling ratio stays the same. The filling ratio represents the ratio of working
fluid volume to inner volume of the thermosyphon. The heating part consists of an electronic
voltage regulator module, a PF9901 power meter, a heating rod and a copper heating block.
The cooling part is composed of a cooling circulating pump, a copper cooling block, a water-
cooled cooling plate and a water tank. The temperature measurement part is composed of a T-
type thermocouple and an MIK-R4000D acquisition instrument. During the experiment, the
heating rod was powered by the electronic voltage regulator module with 220 VAC-50 Hz,
the heating power was controlled by the voltage regulating knob, and the heating power was
determined by the PF9901 power meter. Two heating rods and the evaporation section of the
thermosyphon are inserted into the copper heating block, and the heat generated by the heat-
ing rod is indirectly transmitted to the heat pipe through the heating block. This approach pro-
vides uniform heating to the evaporation section of the thermosyphon. The thermosyphon is
oriented vertically, the condensation section is inserted into the copper cooling block, and the
water-cooled cooling plates are fixed on both sides of the cooling block. The circulating pump
drives the coolant to dissipate the heat released from the condensation section.
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Figure 2. Schematic of the experimental set-up

Table 1. Experimental parameters

of the thermosyphon
Parameter Value

Body material Copper
Working fluid Ethanol
Length [mm] 220/320/500
Evaporation length [mm] 50/50/50
Adiabatic length [mm] 90/190/370
Condenser length [mm] 80/80/80
Inner diameter [mm)] 7.6
Outer diameter [mm] 10
Filling ratio [%] 22.7

Seven T-type thermocouples are arranged
outside the wall of the thermosyphon for temper-
ature measurements. The distance from the bot-
tom of the thermosyphon is given in tab. 2.
Thermocouples Tel and Te2 are in the evapora-
tion section, thermocouples Tal and Ta2 are in
the adiabatic section, and thermocouples Tcl,
Tc2, and Tc3 are in the condensation section. To
reduce the heat loss during the heat transfer pro-
cess of the thermosyphon and to minimize the
impact of the external environment, the ther-
mosyphon, heating block, cooling block and wa-
ter-cooled heat sink are wrapped with ceramic fi-
ber paper insulation material. Heat insulation
treatment can reduce the heat loss of the system
to the environment, and the heat loss rate can be
less than 10% [23].

Table 2. Distance between the T-type thermocouples and the bottom of the thermosyphon

Distance [mm] Tel Te2 Tal Ta2 Tel Tc2 Tc3
L =220 15 35 80 110 150 180 210
L =320 15 35 110 180 250 280 310
L =500 15 35 170 290 430 460 490
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This experiment was divided into three groups. Two-phase closed thermosyphons
with total lengths of 220 mm, 320 mm, and 500 mm were tested for heat transfer perfor-
mance. The heating powers tested were 20-60 W. To calculate the uncertainty of the whole
experiment, the theory introduced in reference [24] is used. The uncertainty of the instrument
used in the experiment is governed by the AC frequency accuracy (£0.1%), the power meter
accuracy (+0.5%), and the T-type thermocouple accuracy (£0.5 °C).

Results and discussion

The temperature gradients under steady-state conditions of the three two-phase
closed thermosyphons with different lengths are shown in fig. 3. The three diagrams in fig. 3
show that the temperature of each point increases with increasing heat transfer rate, and the
temperature gradients of the different heat transfer rates are similar, which is consistent with
the results reported in the literature [25]. When the heat transfer rate is 60 W, the maximum
temperature differences between the evaporation section and the condensation section were
206.75 K, 124.97 K, and 101.49 K for total thermosyphon lengths of 220 mm, 320 mm, and
500 mm, respectively. According to fig 3(b), the temperature in the evaporation section of the
two-phase closed thermosyphon with a total length of 320 mm tends to increase. This phe-
nomenon occurs due to stable film boiling in the middle of the evaporation section, which
leads to a high temperature there. This high temperature will reduce the heat transfer. When
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the heat transfer rate is 60 W, the two-phase closed thermosyphon with a total length of 220
mm also shows a similar situation. A comparison of three diagrams in fig. 3 shows that the
evaporation section of the two-phase closed thermosyphon with a total length of 220 mm has
the highest temperature at the same heat transfer rate, which indicates that its heat transfer
performance is worse than those of the other two. This thermosyphon has the worst perfor-
mance because it contains less working fluid than the other two thermosyphons; thus, increas-
ing the heat transfer rate makes the working fluid unable to return in time. Figure 3(c) shows
that the two-phase closed thermosyphon with a total length of 500 mm has the best heat trans-
fer performance. This thermosyphon has the best performance because it contains the most
working fluid. Hence, for this thermosyphon, when the heat transfer rate is higher, there is
sufficient reflux liquid working fluid and after the endothermic phase change, the working
fluid carries heat to the condensation section. Therefore, the thermosyphon with a total length
of 500 mm has the strongest heat transfer capacity among the three thermosyphons evaluated
herein.

According to the temperature measurements, the difference between the average
temperatures of the evaporation section and the condensation section of the two-phase closed
thermosyphon and the total thermal resistance value are calculated. The results are shown in
figs. 4(a) and 4(b). As heat transfer rate increased, the temperature difference at both ends of
the two-phase closed thermosyphon increased, and the temperature difference of the two-
phase closed thermosyphon with a total length of 220 mm was obviously higher than that of
the other two thermosyphons. However, the three thermosyphons do not exhibit the same
trends in terms of the total thermal resistance.

250 5
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iy e
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Figure 4. Effect of the heat transfer rate on; (a) the average temperature difference in the evaporation
section and the condenser section and (b) the total thermal resistance

The two-phase closed thermosyphon with a total length of 220 mm increases with
increasing heat transfer rate. However, the total thermal resistance of the other two thermosy-
phons decreases with increasing heat transfer rate, and the heat transferred per unit tempera-
ture difference increases, hence, the heat transfer performance of the thermosyphon increases.
When there is a sufficient amount of liquid in the thermosyphon, increasing the heat transfer
rate will increase the evaporation capacity of the liquid working fluid and then lead to an in-
crease in temperature. However, there is enough liquid working fluid reflux to supplement,
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thus, the total thermal resistance exhibits a downward trend and the heat transfer performance
increases. This finding is consistent with the results reported in [14].

The relationship between the total equivalent thermal conductivity, Aefr, and the heat
transfer rate of the three two-phase closed thermosyphons is shown in fig. 5. The total equiva-
lent thermal conductivity in the evaluation
model of the two-phase closed thermosyphon

changes with increasing heat transfer rate. The _’__,,,/4—"{—_‘
total equivalent thermal conductivity of the — — 1500 £ =500 mm
two-phase closed thermosyphon with a total ¥ p———

length of 220 mm decreases and with increasing § £ =320mm
heat transfer rate. When the heat transfer rate is 5 0% .\\
20 W, the equivalent thermal conductivity is £ 1000 i

1169.84 W/mK. When the heat transfer rate is g 500

increased to 60 W, the equivalent thermal con- g

ductivity is 831.63 W/mK, which is a 2891% g

decrease and this finding shows that the heat @ s )

transfer performance is decreasing. The reason "~ 20 30 40 50 60

this phenomenon occurs is that, with the in- Heat transfer rate (Q/W)
crease m mput Ppower, the evapo.ratlon rgte of Figure 5. Relationship between total equivalent
the working fluid in the evaporation section of - thermal conductivity and heat transfer rate

the two-phase closed thermosyphon increases,

and the working fluid cannot be added back in time, thereby decreasing the heat transfer per-
formance. The equivalent thermal conductivity of the two-phase closed thermosyphons with
total lengths of 320 mm and 500 mm increases with increasing heat transfer rate, which is
consistent with the results reported in [8, 26]. The equivalent thermal conductivity of the
former increased from 1296.69 W/mK to 1375.84 W/mK (a 6.10% increase), whereas that of
the latter increased from 1539.88 W/mK to 1694.19 W/mK (a 10.02% increase). Hence, the
heat transfer performance of both of these thermosyphons has been improved. This phenome-
non occurs because the increase in the heat transfer rate can accelerate the boiling of the
working fluid in the evaporation section, and the reflux rate of the working fluid can meet the
requirements of evaporation.

The decrease (increase) in the total equivalent thermal conductivity in the evaluation
model indicates a decrease (increase) in the heat transfer performance of the two-phase closed
thermosyphon. A comparison of the results in figs. 4(a), 4(b), and (5) show that the evaluation
model can represent the steady-state heat transfer performance of a two-phase closed ther-
mosyphon.

Conclusions

Based on the principle of the equal total thermal resistance, the equivalent thermal
conductivity of the two-phase closed thermosyphon is derived, and an evaluation model of the
steady-state heat transfer performance of the two-phase closed thermosyphon is obtained. The
validity of the evaluation model is verified by an experimental study of three two-phase
closed thermosyphons with different total lengths.

e The total equivalent thermal conductivity of the two-phase closed thermosyphon with a
total length of 220 mm decreases with an increasing heat transfer rate. When the heat
transfer rate increases from 20-60 W, the equivalent thermal conductivity of this ther-
mosyphon decreases by 28.91%. When the heat transfer rate increases from 20-60 W, the
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equivalent thermal conductivities of the two-phase closed thermosyphons with total
lengths of 320 mm and 500 mm increase by 6.10% and 10.02%, respectively. The exper-
imental results show that the evaluation model can effectively evaluate the steady-state
heat transfer performance of a two-phase closed thermosyphon.

This evaluation model excludes the influence of the length of the adiabatic section on the
equivalent thermal conductivity, and the steady-state heat transfer performances of two-
phase closed thermosyphons of different sizes can be compared. When the heat transfer
rates are 20-60 W, the equivalent heat transfer coefficients of the two-phase closed ther-
mosyphon with a total length of 500 mm are 1539.88 W/mK, 1566.43 W/mK, 1624.19
W/mK, 1680.63 W/mK and 1694.19 W/mK, respectively, which shows that the equiva-
lent heat transfer coefficients are higher than the other two thermosyphons at any heat
transfer rate; hence, this thermosyphon has better heat transfer performance than the other
two thermosyphons.
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Nomenclature
Ay — cross-sectional area of the vapor space, Q  — heat transfer rate, [W]
[m?] R —total thermal resistance of the
di — inner diameter, [m] thermosyphon, [KW]
do — outer diameter, [m] Rw — wall heat conduction resistance, [KW']
he — convective heat transfer coefficient of Ry —thermal resistance of the phase change
evaporation, [Wm K] heat transfer, (KW)
he — convective heat transfer coefficient of Greek bol
condensation, [Wm™K™] reer symoors
L — total length of the two-phase closed Aeft  — total equivalent thermal conductivity,
thermosyphon, [m] [Wm K]
Le — length of the evaporation section, [m] ety — equivalent thermal conductivity of the
L. — length of the adiabatic section, [m] working fluid, [Wm K]
Lc — length of the condensation section, [m] Aeft,w — equivalent thermal conductivity of the
Lefr — equivalent length of the two-phase closed tube wall, [Wm™ K]
thermosyphon, [m] Aw —thermal conductivity of the tube wall
Te —average temperature of the evaporation materials, [Wm™'K™]
section, [°C]
Tc —average temperature of the condensation
section, [°C]
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