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Abstract:
This study aims to explore the dryout characteristics of two-phase closed thermosiphon
(TPCT). It involves the design and experimentation on low-liquid filled heat pipes. We inves-
tigated the effects of different fill ratios (FR), heating water temperatures, and cooling water
flow rates on the start-up characteristics of TPCT. Based on the network model, we proposed
an analytical expression for the thermal resistance (R) of TPCT and provided an explanation
of the various thermal resistance components. This research expands our understanding of
dryout and provides insights for optimizing heat pipe design and addressing heat conduction
issues with low FR.
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1. Introduction

A heat pipe is a device that achieves heat transfer by evaporating and condensing a work-
ing material in a sealed container. Due to its low thermal resistance (R), excellent isothermal
performance, diverse structures, and other advantages, it is widely used in electronic cooling
and waste heat recovery applications. Heat pipes are primarily composed of an evaporator and
a condenser. In the evaporating section, heat is transferred from the external environment to
the internal working medium through the wall. The working material evaporates and carries
the heat to the condensing section, which releases it to the external environment through the
wall. The vapor then condenses back into a liquid and flows back to the evaporating section,
enabling rapid heat transfer through circulation. There are several factors that can affect the
performance of heat pipes, including thermal load, working material type, fill ratio (FR),
length and diameter of the heat pipes, and the length of the evaporating and condensing sec-
tions [1] [2]. In light of these factors, extensive research has been conducted by scholars both
domestically and internationally on heat pipes.

Several researchers have investigated the effects of various parameters related to heat
pipes, such as fill ratio (FR), the type of working medium, and the presence of a liquid core,
on the thermal R of heat pipes. Alizadeh [3] conducted experiments to measure the tempera-
ture distribution and temperature difference. The findings revealed that increasing the FR val-
ue leads to a decrease in R. Alammar [4] discovered that a heat pipe with 100% FR has ap-
proximately 200% higher R compared to a heat pipe with 25% FR. Chen [5] compared the
thermal performance of heat pipes and capillary tubes (THPCT) and TPCT by considering R
and the heat transfer coefficient. The results showed that the addition of glass beads improved
the evaporative heat transfer coefficient and reduced the overall R. Mozumder [6] and col-
leagues evaluated the performance of heat pipes using water, methanol, and acetone as work-
ing fluids. They studied the effect of FR and determined the optimal FR based on lower tem-
perature difference and R, as well as a higher heat transfer coefficient. Guichet [7] investigat-
ed the thermal performance of TPCT using water, ethanol, and ethylene glycol as working
fluids.



Researchers have conducted a series of studies on various working conditions, including
heat load, coolant flow rate, and angle of inclination, to examine their impact on the R of heat
pipes. Alizadeh [3] discovered that increasing the coolant flow rate leads to an increase in R.
Alammar [4] found that the R of TPCT is minimized at a heat load of 50W. Zhang [8] investi-
gated the influence of the angle of inclination and observed that the internal start-up tempera-
ture difference in TPCT varies with this angle. The influence of the R of the cross-section of
the heat pipe wall was found to be relatively small. Furthermore, the R of the evaporator, adi-
abatic section, and condenser surfaces also varies with the inclination angle. The total R of
TPCT is minimized at an inclination angle of 20° . Mozumder [9] and colleagues conducted
research on the R and heat transfer coefficient of heat pipes by varying the heat input. Guichet
[10] considered factors such as inclination angle, heat input, and cooling water flow rate.
They investigated the thermal efficiency of TPCT and found that the inclination angle and
heat input have a significant impact on TPCT's thermal efficiency.

In the design of heat pipes, optimizing the thermal performance and improving heat
transfer efficiency can be achieved by considering factors such as heat power, fill ratio (FR),
inclination angle, heat input, and wick structure. However, there is an aspect that has not re-
ceived sufficient attention, which is the dryout performance of the heat pipe. Current research
predominantly focuses on the performance of heat pipes under normal operating conditions,
while the occurrence of dryout in the evaporation section has been relatively understudied.
This knowledge gap may lead to an incomplete understanding of the behavior of R and heat
transfer characteristics of heat pipes.

Therefore, to gain comprehensive insights into the performance of heat pipes under
dryout conditions, it is important to manufacture heat pipes designed for low fill ratios. This
will facilitate further studies involving detailed experiments on the behavior of R, heat trans-
fer mechanisms, and heat transfer characteristics of heat pipes under dryout conditions. Addi-
tionally, it is crucial to develop more accurate methods for calculating R, considering the in-
fluencing factors relevant to dryout conditions, in order to more precisely evaluate and en-
hance the performance of heat pipes.

2. Modeling methodology

The thermal resistance (R) plays a crucial role in evaluating the heat transfer efficiency
of heat pipes. Conducting in-depth research on the behavior of R in heat pipes allows us to
understand the factors influencing the heat transfer performance of heat pipes and discover
effective methods to reduce R and improve heat transfer efficiency.

Traditional methods for calculating R primarily rely on empirical formulas and simpli-
fied heat flow path models. While these methods offer a certain degree of accuracy, their ap-
plicability under dryout conditions requires further evaluation. These approximate calculation
methods may not fully account for the influence of dryout on the internal heat transfer behav-
ior of heat pipes, thus limiting the accurate assessment of heat pipe performance in dryout
conditions.

Figurel illustrates the working principle of the heat pipe and the R network model. Heat
is transferred to the evaporation cross section through the wall surface, causing the working
medium to evaporate. The heat is then moved to the condensation cross section through the
vapor flow, where it condenses and eventually returns to the evaporation cross section under
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the influence of gravity.

Considering the intricate variations of the working medium in the TPCT, we divide it in-
to multiple sections and perform a heat resistance analysis on each section. Based on the net-
work model depicted in Figurel, the total R of the TPCP can be calculated using the follow-
ing formula [10]:

1 1 N
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Rwall, in Rwall e + Rboiling,e + Rvatp,in + Rcondensation c + RwaII .c
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The calculation formulas of each R are shown in Tablel, where subscripts e, a and c refer

to the evaporation, adiabatic and condensing sections respectively.
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Figurel. Thermal resistance network model. [10]
Tablel. Thermal resistances of TPCT

Thermal resistance Formula
Rexi 1/(hyA)
R c 1/(hyA)
Ruatin (0.5L, +L, +05L,)/(Ak,)
Ryaite In(D, / D)/ (27L.k,)
Ry ¢ In(D, /D)/(27Lk,)
Rezp in T.(Re=Re)/ P
R condensation .c L/ (Negiensaion A in )
1
i h,.A,.+h, A
pb.e” “pb.e fb,e” ‘th,e

From the above equation, it can be seen that the factors influencing the R of a TPCT in-
clude the external thermal resistances of the evaporator and condenser sections, the axial and
radial wall thermal resistances, boiling resistance, internal vapor resistance, and condensation
resistance. Among these, the boiling resistance and condensation resistance need to be numer-
ically predicted.

It can be observed that in predicting the R, not only the condensation heat transfer coef-
ficient needs to be considered but also the heat transfer coefficients of pool boiling and falling

film evaporation/falling film boiling. To obtain these parameters, a more detailed understand-
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ing of the phenomena occurring within the heat pipe is required.

Analysis order
2.1. Filmwise condensation

As shown in Figure2, vapor under-
goes condensation in the condenser section
of the TPCT, forming a thin film that starts
to descend under the influence of gravity.
As the film flows downward, the flow pat-
tern undergoes a transition and becomes
more turbulent. There is interaction be-
tween the countercurrent vapor flow and
the descending film, leading to increased
turbulence and even liquid entrainment.

To calculate the condensation heat
transfer coefficient, it is necessary to de-  Figure2. Falling film mechanism in a thermo-
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termine the condensation film Reynolds siphon.
number.The number is obtained by Nusselt's theory [11]:
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According to Nusselt's theory [11], the condensation heat transfer coefficient can be es-
timated. McAdams [12] made corrections to the formula proposed by Nusselt, with a correc-
tion factor of 1.13. Kutateladze [13] considered the effect of flow on the coefficient. Butter-
worth [14] considered waves and used a friction factor in his formula. The empirical formulas

presented above are shown in Table2.
Table2. Filmwise condensation heat transfer coefficient

Author Year Correlation
1/4
P (p| — Py ) i|vgk13
h =1.13
McAdams [12] 1942 Nusselt { il (T —T.)
Kutateladze [13] 1963 h=069Re; | "xhy
Iu 2 -1/3
h=1.013Re, , %k, | —

Butterworth [14] 1981 fll '[P. (A —pv)gJ

2.2. Falling film evaporation

As shown in Figure2, the descending liquid film comes into contact with the heat source,
resulting in an increase in temperature. Part of the falling liquid film turns into steam in the
middle of the fall, releasing latent heat.

To calculate the falling film evaporation heat transfer coefficient, we first need to deter-
mine the Reynolds number of the falling film flow.The number Re; is derived by Rohsenow
[15,16] :



h can be expressed in terms of h”™ by the formula:
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I, can be calculated by the following formula:
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To obtain the falling film evaporation heat transfer coefficient, Nusselt [17] derived a
formula for calculating h*. Subsequently, Wilke [18] developed a formula that relates the
Nusselt number to the Reynolds number and the Prandtl number. The empirical formulas pre-

sented above are shown in Table3.
Table3. Evaporating film heat transfer coefficient

Author Year Correlation
1/3
. kK 4p%gk? _
Nusselt [17] 1916 h =g'=[3,'7|2' Re; "
Wilke [18] 1962 h*=1.76Re;™

As shown in Figure2, falling film boiling occurs in TPCT at higher heat fluxes. By com-
paring the empirical formulas for falling film evaporation summarized by Chun and Seban
[19] and the empirical formula for falling film boiling derived by Fujita and Ueda [20], it is
observed that at lower heat fluxes, the formation of film-wise bubbles is limited, and the heat
transfer during falling film boiling approaches that during falling film evaporation. The influ-
ence of descending film boiling can be neglected when the heat flux is between 0.05 to
0.1W/m?. Therefore, the effect of falling film boiling on the results is not considered in this
study.

3. Experimental setup

In order to accurately assess and understand the phenomena occurring in the TPCT, fur-
ther experimental investigations are necessary. We designed and constructed a suitable exper-
imental setup that provides a heat source and a cold source, enabling controlled experiments
on TPCTs with different FR. This allows for the analysis of the TPCT's start-up characteristics
and heat transfer behavior.

‘Water out

— Water in
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—
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Computer Heating rods | E J
Heating water tank Pump

Figure3. Schematic diagram of the experimental setup
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As shown in Figure3, the evaporation section of the TPCT is heated by heating the water
bath of the tank, which makes the heat more uniform. The tank contains heating rods that reg-
ulate the temperature of the heated water. At the same time, a stirring motor was installed in
the tank to avoid thermal stratification. The hot water temperature is adjustable. We cover the
tank with a foam board and take insulation measures to reduce errors in the experiment.
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Figure4. Thermocouple layout

The data acquisition system consists of a computer, a 34970A data acquisition instrument,
a glass rotor flow meter and twelve pairs of K-type thermocouples. Ten pairs of K-type ther-
mocouples are arranged along the walls of the TPCT along the axis, and two pairs of K-type
thermocouples are arranged at the inlet and outle to measure the water temperature.

In the experiment, the TPCT is made of stainless steel. The TPCT has an inner diameter
of 16 mm and a wall thickness of 1.5mm. The arrangement of the thermocouples is shown in
Figured. The wall temperature of TPCTs evaporation section (T1-T4), adiabatic section (T5-
T6), condensing section (T7-T10) and inlet and outlet water temperature of cooling water in
condensing section (Ty,: and T,,,) Were tested.

In order to study the phenomenon of dryout, we manufactured four different liquid filled
heat pipes: 2ml, 3ml, 4ml and 5ml, corresponding to liquid FR of 1.08% , 1.62 % , 2.16 %
and 2.7 % respectively. The R was calculated by the following formula:

— Te _TC
- Q

Heat transfer can be calculated from the inlet and outlet water temperature of cooling

water in the condensing section:

R

Q= mC, (Twaz = Twar)
Due to a series of insulation measure, the heat loss is negligible.
3.1. Uncertainty analysis
Uncertainty analysis is necessary because of measurement errors in parameters including
different temperatures and cooling water flow rates. The error of temperature and cooling wa-
ter flow is shown in Table4.
Tabled. Uncertainty of measuring device

The measurement data Device The uncertainty
Wall temperature Type K thermocouple +0.75%
The environment temperature The thermometer +0.1°C
Cooling water velocity Rotameter +0.5%

For composite variables such as heat transfer power and total thermal resistance, their
relative uncertainty is usually calculated as follows:

U(Q) =\/|:U(V):|2 + uz(Twa2)+u2(Twa1)

Q v (Twaz - Twal )2




UR) _ \/{U(Q)}:UZ(R)NZ(R)

R Q (T,-T.)°

The maximum relative uncertainty of heat transfer power and total thermal resistance are
3.1% and 5.2% respectively, which can meet the requirements of calculation.

4. Results and discussion
4.1. Transient analysis

Performing transient analysis on TPCT can provide a deeper understanding of their start-
up characteristics and allow for an evaluation of the system's thermal conductivity perfor-
mance.

With the increase of heating water temperature, TPCTs of low liquid FR will appear
dryout phenomenon, that is, there is no liquid working medium at the bottom of the evapora-
tion section. As shown in Figure5, when the hot water reaches 75°C and the filling amount is
2ml, the water will evaporate quickly. However, due to the low FR, the heated water will
evaporate without falling back to evaporate again. The circulation causes the dryout phenom-
enon in TPCT. When the filling amount reaches 4ml, some condensed water will fall to the
bottom of the evaporation section.
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Figure5. Schematic diagram of the variation of working medium in the TPCT when the
heating temperature is 75°C and the cooling water flow is 300L/h
4.2. The steady-state analysis
Conducting steady-state analysis on TPCTs can offer a comprehensive understanding of
their heat transfer characteristics, enable evaluation of R, and ensure stable operating condi-
tions.



4.2.1. Wall temperature distribution

Filling amount: 2ml Heating water temperature: Filling amount: 3ml Heating water temperature
(T 0 —a—45°C (Fr: 1.62%) —a—43

ok (Fr: 1.08%) —55°C s by (Fre 1.62%) —55°C
—b—§5°C —h—§5°C

75 ——T5C

Temperature (°C)
Temperature (°C)

L L L L L L L L L L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
The axial distance (mm)

(a) Filling amount: 2ml (Fr=1.08%)

The axial distance (mm)

(b) Filling amount: 3ml (Fr=1.62%)

Filling amount: 4ml Heating water temperanure Filling amount: Sml Heating water temperanure:

, vy —a—45°C - - —a—45°C

(Fr: 2.16%) o ol 27 PR
—b—65°C —b—65°C
—

——T5°C

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900

@
E
@
E
T

3
T
3

-
=

-

=

Temperature (°C)
Temperature (°C)

&
=
T

=
=
T

=

53

T

L L L L L L . L L
0 100 200 300 400 500 600 700 800 900
The axial distance (mm) The axial distance (mm)

(c) Filling amount: 4ml (Fr=2.16%) (d) Filling amount: 3ml (Fr=2.7%)

Figure6. Temperature distribution along the length of the thermosiphon at different liquid
filling rates when the cooling water flow rate is 300L/h

As shown in Figure6, when the filling amount is 2ml and the temperature reaches 65°C,
the phenomenon of dryout has occurred, the temperature at the measuring point T10 is close
to the water temperature. However, when the filling amount is 3ml, only when the heating
water temperature reaches 75°C will appear the "evaporation” phenomenon; The TPCTs were
able to operate properly in the experimental temperature range for liquid fillings up to 4ml
and 5mL, but the 4ml TPCT had better isothermal properties. The temperature in the evapora-
tion segments T2 and T3 is slightly higher than that of T1 and T4, which is due to the liquid
reflux at T1 and T4 is located at the junction of the evaporative and adiabatic cross sections.
As part of the condensed water passes through, the temperature is slightly reduced. The con-
densate evaporates before it reaches T2 and T3, so that T2 and T3 have slightly higher tem-
peratures than T1 and T4. In the condensation cross section, the temperature of T8 and T9 is
slightly higher than that of T7 and T10 due to the thin film of liquid in T8 and T9.



4.2.2. Heat transfer under different working conditions
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Figure?7. Heat transfer under different conditions

By changing the temperature of the heated water and the flow rate of the cooled water,
the heat transfer difference between different liquid-filled TPCTs was compared. It can be
seen from the Figure7(a) that by increasing the temperature of the heated water, the heat trans-
fer is also increased. For the filling amount of 2ml, 3ml, and 4 ml, the increase of heat transfer
did not change much with the increase of heating water temperature. When the filling amount
reaches 5ml and the temperature of the heating water reaches 75°C, the heat transfer increases
significantly. This is because at this point, the working medium evaporating from the evapora-
tion cross section form a dynamical equilibrium with the working medium under the conden-
sation cross section, and the heat transfer reaches its limit. The results showed that the heat
transfer of the TPCTs with 2ml and 3ml liquid filling amount did not change significantly,
that is, dryout occurred as described previously. When the filling amount is 5ml, there is still a
small amount of liquid at the bottom of the TPCT.

It can be seen from the Figure7(b) that the increase of cooling water flow speeds up the
heat transfer in the condensing section. The amount of fluid filling plays a decisive role in the
variation of the heat transfer. When the filling amount was increased from 3ml to 4ml, the
flow state in the TPCT changes drastically, resulting in a sharp increase in heat transfer. The
TPCTs with the liquid amount of 2ml and 3ml change significantly with the change of cooling
water, this is due to the low liquid amount of TPCT is more vulnerable to changes in the ex-
ternal conditions, the flow of the internal situation is more complicated.

4.2.3. Thermal resistance

The thermal resistance network model is established based on theoretical derivations and
assumptions, enabling the calculation of the contributions of various R components in the heat
conduction paths under different operating conditions using mathematical methods. This al-
lows for the evaluation of the model's capability to describe real systems.
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Figure8. The R of the TPCT under different heating water temperature in steady state when
the cooling water flow rate is 300L/h

As shown in Figure8, for the filling amount of 2ml, the total thermal resistance of the
TPCT increases with the heating water temperature. When the amount of liquid is 2ml and
3ml, the total R of the TPCT increases and then tends to be constant. The total R of the TPCT
increases and then decreases when the liquid amount is 5ml.

In other words, when the temperature reaches 65°C, there is an "inflection point". This is
because when the heating water temperature reaches 65°C, the phenomenon of dryout occurs
in the TPCTs filled with 2ml and 3mL liquid. When the change in heat transfer is small, the
temperature difference between the evaporation and condensation cross sections is large, and
thus the R increases. Evaporation is more obvious when the liquid filling amount is 2mL, and
thus the increasing trend is more pronounced.

However, when the liquid filling amount is 5ml, there will be no dryout phenomenon,
but the increasing trend of temperature difference is always greater than that of heat transfer,
so the R gradually increases. When the liquid amount is 4ml, no dryout phenomenon occurs,
but when the temperature of the heated water reaches 75°C, the heat transfer increases sharply,
resulting in a decrease in R.

At the same time, it is not hard to see that the variation trend of total R is consistent with
that of evaporation R. The R of steam flow and condensing section increases slightly with the
increase of heating water temperature, but has little effect on the total R.

5. Experimental and empirical comparison of thermal resistance
Comparing the R calculated by the network model with the experimentally calculated R
can reveal the accuracy of experimental results and potential sources of errors. If the experi-

mentally calculated R matches well with the R calculated by the network model, it indicates a
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higher reliability of the experimental data and the ability of the R network model to effective-
ly explain the thermal conduction behavior of the actual system.
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Figure 9. Comparisons of empirical formulas and experimental data at different heating wa-
ter temperatures when the cooling water flow rate is 300L/h

The R calculated from the empirical formula is compared with the one calculated in
practice. The thermal drag calculated by the empirical formula is smaller than the one predict-
ed by the empirical formula. The behavior of the bubbles may have a significant impact on the
heat transfer properties. As the FR increases, the error becomes larger. This is because the in-
ternal flow pattern of the TPCT changes more as the fluid FR increases, which cannot be pre-
dicted accurately by the empirical formula.
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Figurel0. Errors between empirical formula and experimental result
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As shown in Figurel0(a), the deviation between the experimental results and the predic-
tion of the R for different heating water temperatures and different cooling water flows is
within 13.5 percent. This small deviation indicates that the R network model used is reliable
and the experimental system performs well and is highly reliable.

As can be seen from Figure10(b), the deviation between the experimental results and the
predictions for the thermal drag in the evaporation cross section is between -16.3% and 18.5%
for different heating water temperatures and cooling water flow rates. This small deviation
indicates that the formula for calculating the R of the evaporation cross section is also reliable,
and that the chosen empirical formula can also be applied to the model.

The total R obtained by this formula is always smaller than the one obtained by the em-
pirical formula. Although the deviation of the evaporation cross section from the total R is
larger, it does not mean that the evaporation cross section is inaccurately calculated. Although
the deviation of the thermal drag from the condensation cross section is larger than that of the
evaporation cross section, it is still within the allowed errors. Therefore, we can argue that our
model of the thermistor network may overpredict the thermistor of the steam flow, whereas
the empirical formula for the thermistor of the steam flow is not that large in practice.

6. Conclusion

(1) When the liquid charged in the TPCT is too low, dryout may occur in the TPCT with
high heat flow ratio, resulting in a sharp increase in R. Therefore, the TPCTs must be kept in a
normal working state.

(2) As the heating water temperature and the cooling water flow rate increase, the heat
transfer from the TPCT increases. A TPCT with 4ml of liquid filling has the best performance:
better isotherm, greater heat transfer and minimum R under the same working conditions.

(3) The trend of the R is closely related to the amount of liquid filling and the tempera-
ture of the hot water, and the variation of the R with the flow of the cooling water is small.
This is because a change in the amount of liquid filling and the temperature of the heated wa-
ter can drastically change the flow state of the tube, especially for TPCTs with small amounts
of liquid filling.

(4) The change of the total R is consistent with the R of the evaporation section. With the
increase of hot water temperature, the R of steam flow and condensing section increases
slightly, but has no effect on the change trend of total R.

(5) The R derived from the empirical formula is in good agreement with the experi-
mental data. The actual results are always slightly smaller than those obtained by the empiri-

cal formula, which is due to the over-prediction of the R of the vapor flow.
Nomenclature

A -area [m’] Greek symbols

Cp -specific heat capacity of fluid, [J -kg'l-K'l] A it\;e;gl? IIES? ductivity,

D -equivalent diameter, [mm] p -fluid density, [kg-m™]

Fr -fill ratios U -dynamic viscosity, [Pas]
g -gravity, [m-s”] 1) -angular velocity, [rad/s]
h -heat transfer coefficient, [W-m?-K™] 0 -thickness

Mme -mass flow rate, [Kg-h™] Subscripts

p -pressure, [Pa] ext -external

q -heat flux, [W-m™] in -inlet
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Q -heat transfer, [W] out -outlet

R -thermal resistance[K-W™] u,v,w -direction of coordinate
Ref -Reynolds number e -evaporator

T -temperature, [°C] a -adiabatic

TPCT  -two-phase closed thermosiphon c -condensation

wall -tube wall vap -vapor
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