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Abstract: The coupled effect of boiling and condensation inside a flat two-phase thermosyphon
has a non-negligible influence on the two-phase fluid flow behavior and heat transfer process.
Therefore, a flat two-phase thermosyphon with transparent wall was manufactured. Based on this
device, a visualization experiment system was developed to study the vapor-liquid two-phase
behaviors and thermal performance of the flat two-phase thermosyphon. A cross-shaped wick
using copper mesh was embedded into the cavity of two-phase thermosyphon to improve the heat
transfer performance. The effects of heat flux density, working medium, and wick structure on
the thermal performance are examined and analyzed. The results indicated that a strong liquid
disturbance is caused by the bubble motions, leading to the enhancement of both convective boiling
and condensation heat transfer. More bubbles are generated as the heat flux increases; therefore, the
disturbance of bubble motion on liquid pool and condensation film becomes stronger, resulting in
better thermal performance of the flat two-phase thermosyphon. The addition of the wick inside
the cavity effectively reduces the temperature oscillation of the evaporator wall. In addition, the
wick structure provides backflow paths for the condensate owing to the effect of capillary force
and enhances the vapor-liquid phase change heat transfer, resulting in the improvement of thermal
performance for the flat two-phase thermosyphon.

Keywords: thermosyphon; phase change; two-phase flow; visualization

1. Introduction

Highly efficient cooling technologies have always been the subject of both scientific and
engineering investigation in high-powered electronics circuits. Aiming to achieve highly efficient heat
dissipation of high-heat-flux electronics, several advanced cooling technologies, including boiling
cooling [1-3], liquid cooling [4,5], functional surface [6,7], microchannels heat sink [8-10], heat
pipes [11-13], microfluidic engineering [14,15], metal foam [16], etc., have been introduced and
applied in every field. Among these advanced cooling technologies, the heat pipes (such as grooved
heat pipes [17], pulsation heat pipes [18], thermosyphons, etc.) are most widely used for the heat
dissipation of microelectronic devices under high heat flux density due to high heat transfer capacity,
good temperature uniformity, and no power consumption [19]. Among those heat pipes, the flat
two-phase thermosyphon possesses higher heat transfer limit and superior temperature uniformity
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over other heat pipes, due to the operation principle of gravity-driven vapor-liquid flow and boiling
phase change heat transfer [20,21]. The flat two-phase thermosyphon is considered a highly efficient
heat spreader and shows good application prospects in solving uniform heat dissipation under
high-heat-flux electronics [22-26]. Therefore, study on the flat two-phase thermosyphon’s thermal
properties is of significance and has become a topic of growing technological interest during the
past decades.

It should be noted that the flat two-phase thermosyphon is a confined structure, where the
vapor-liquid two-phase flow self-circulates between the evaporator and condensation surface. The
confinement effect in turn affects the vapor-liquid flow dynamics of the flat heat pipe. The previous
investigation indicated that the bubbles generated by the evaporation surface survive on the liquid
surface for a while and continue to grow, merge, and burst when the liquid level inside the cavity is
low [27]. In addition, the rapid rise of bubbles can promote the liquid convection heat transfer on
the evaporator surface [28,29]. Liu et al [30] add a hollow foam metal block into the cavity of a flat
two-phase thermosyphon; they observed that the dense bubbles generated in the foam metal fly to the
condenser surface and break, and the liquid is caused to splash to the condenser surface by the intense
movement of the bubbles under the optimal filling rate. As a result, the convective boiling and film
condensation heat transfer are enhanced. In summary, the coupled effect of boiling and condensation
inside the flat two-phase thermosyphon has a non-negligible influence on the two-phase fluid flow
behavior and heat transfer process.

Although several experimental attempts have been devoted to investigating the thermal
performance of flat two-phase thermosyphons, special attention is paid to thermal performance
indices, equivalent thermal conductivity, and the maximum heat transfer capacity [31,32]. For example,
Lips et al. [33] found that the thermal resistance of the flat two-phase thermosyphon reduces due
to the liquid retention induced by the small cavity height. Ju et al. [34] developed a flat two-phase
thermosyphon incorporating hybrid wicks, which is composed of a spreading layer with low thermal
resistance and a supply structure for the working medium; then, a low thermal resistance and high
heat flux limit over large heating areas can be achieved. In addition, the vapor-liquid two-phase
flow behaviors are complex due to the interaction between the boiling and condensation. The
thermo-hydrodynamic characteristics of the two-phase thermosyphon are still waiting to be explored
by visualization experiment. Still, there are few studies have been conducted to visually study the
internal vapor-liquid two-phase flow behaviors and thermal performance.

Apart from experimental investigation, limited theoretical attempts on vapor-liquid two-phase
flow and phase change heat transfer in the two-phase thermosyphon have been conducted. Wu et
al. investigated the co-existing boiling and condensation heat transfer in a confined space using
lattice Boltzmann simulation [35]. It is indicated that the interaction of condensation and boiling in
a two-phase thermosyphon is embodied in the condensate droplet contact the growing bubble that
contributes to bubble detachment or motion.

The heat is mainly transferred by the process of boiling and condensation inside the flat two-phase
thermosiphon. However, these two processes coexist in the confined cavity and interact with each
other, resulting complex vapor-liquid two-phase flow behaviors. Compared with the study of boiling
or condensation in a confined space separately, the research of the coupled effect of boiling and
condensation is more helpful for understanding of the thermo-hydrodynamic behaviors inside a
confined space. Therefore, an experimental system is developed to visually study the vapor-liquid
two-phase flow and phase change heat transfer of the thermosyphon, especially to elucidate the
coupled boiling and condensation heat transfer. Through the experiment, the effects of heat flux
density, working medium, and wick structure on the vapor-liquid two-phase flow behavior and
thermal performance are examined and investigated.
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2. Description of Experiment

2.1. Experimental Apparatus

The heat transfer performance test system is shown in Figure 1. As shown, two electric heating
rods (6 mm in diameter and 50 mm in length) are embedded inside the bottom side of the copper
column (20 mm in diameter and 105 mm in length). The top side of the copper column is closely
contacted with the evaporator surface of the flat two-phase thermosyphon. The heating power of
the electric heating rods is provided by the DC power supply. The working condition adjustment is
realized by adjusting the voltage regulator and the power meter. The electric heating power ranges
from 20 W to 90 W in the experiment. The constant-temperature water bath provides cooling water
with a constant temperature (£0.1 °C of temperature fluctuation) for the condenser section of the flat
two-phase thermosyphon. The flow meter is used to control the flow rate of the circulating water. In
the experiment, the temperature of the cooling water was set to room temperature of 25 °C, and the
circulating water flow rate was set to 80 mL/min.
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Figure 1. Schematic of experimental setup: (a) system diagram; (b) experimental rig.
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As shown in Figure 2, the flat two-phase thermosyphon is assembled using an evaporator plate, a
transparent quartz glass tube, a condenser plate, and a cooling water tank sealing plate. The glass tube
is of 50 mm in outer diameter, 44 mm in inner diameter, and 3 mm in thickness. Both the evaporator
and condenser plate are made of square brass plates with 54 mm in side length. The thicknesses of the
evaporator and condenser plate are 5 mm and 10 mm, respectively. The evaporator and condenser
surfaces are a smooth plane with a milled annular groove. Both ends of the glass tube are tightly
embedded in the groove on the plate, so a closed cavity is formed. The cooling water tank is set at
the back of the condenser plate and sealed by a sealing plate. The working medium is charged into
the cavity through a charging hole drilled in the condenser plate. In the experiment, unless specified,
deionized water was selected as the working liquid.

Sealing plate

Charging hole

Condenser plate

(H:= 10mm})

H:[ "~ A __________..-Quarlz glass tube

Evaporator plate
H:
(H.= Smm)

Figure 2. Schematic of the flat two-phase thermosyphon.

The CCD camera and light are used to monitor the vapor-liquid two-phase flow behavior in the
cavity, and the thermocouples and data acquisition instrument are used to test the temperature changes
during the experiment. Both the images and the tested temperature are recorded on the computer. In
order to monitor the working conditions of the testing system, thermocouples are arranged in all parts
of the system. Four thermocouple holes with a diameter of 0.5 mm and a depth of 10 mm are arranged
in the upper side of the copper column, with respective distances of 5 mm, 20 mm, 35 mm, and 50 mm
from the upper surface of the copper column. During operation, the heat load of the copper column
imposed on the heat pipe is obtained according to the axial temperature distribution measured by the
thermocouples in the copper column. The thermocouples are also arranged at the inlet and outlet of
the cooling water tank for measuring the temperature change of the circulating water before and after
the condenser section. Through the sensible heat gain of circulation fluid, the heat load input into the
heat pipe is also obtained. The experiment test indicated that the difference of the heat load obtained
by above two approaches is within 3%. Furthermore, six thermocouple holes have been arranged in the
evaporator and condenser plate with the locations shown in Figure 3, so that the temperature changes
of the evaporator and condenser surfaces of the flat two-phase thermosyphon can be monitored.

Through the performance test on the above experimental setup, it was indicated that there is an
obvious temperature oscillation during the operation of the flat two-phase thermosyphon owing to
the intermittent boiling. The presence of temperature oscillation is unfavorable for the application
of flat two-phase thermosyphons. In order to eliminate the temperature oscillation, a cross-shaped
wick formed by folding 200-mesh copper screen was installed into the cavity of the flat two-phase
thermosyphon, as shown in Figure 4. The wick height is 15 mm, which is the same as the cavity height.
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Figure 3. Schematic of temperature measuring points: (a) thermocouple positions; (b) diagram of
temperature measuring in the two-phase thermosyphon.

34

(b)

Figure 4. Structure of the cross-shaped wick: (a) picture of cross-shaped wick; (b) dimensions of
cross-shaped wick.

2.2. Data Reduction

The total thermal resistance of the flat two-phase thermosyphon characterizes the temperature
difference required for transporting unit heat power, which is an important parameter for measuring
the heat transfer performance of the flat two-phase thermosyphon. In this paper, the thermal resistance
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is adopted to quantitatively evaluate the heat transfer performance of the flat two-phase thermosyphon,
which is defined as
R=AT/Q @

where AT is the average temperature difference between the evaporator section and the condenser
section, as follows:

AT=T,—T.
— Th+T+T3 = Ty + T5 + Tg
To=—g— Te="—3—

where R is the total thermal resistance, and T, and T, represent the average temperatures of the
evaporator section and condenser section, respectively. The subscripts 1-6 represent the temperature
measurement points of the evaporator and condenser sections (P1-P6, see Figure 3). Q is the heat
load. This definition characterizes the resistance of heat transfer from the evaporator surface to the
condenser surface, and smaller thermal resistance means better heat transfer performance of the flat
two-phase thermosyphon. The heat load can be obtained as Q = pGCp(Tout — Tin), where p is density,
G is the volume flow rate, C, is specific heat, and Tou: and Ty, are the outlet temperature and inlet
temperature, respectively, of the cooling water. The uncertainties of AT, Q, and R are 0.8%, 2.62%, and
2.71% according to the data error analysis.

2.3. Experiment Procedures

Before each experiment, the evaporation surface and the condensation surface were polished
with metallographic abrasive paper. Then, in order to remove copper rust and dust, the surfaces were
cleaned using deionized water, absolute ethanol, acetone, and deionized water in sequence. After
ensuring that the evaporation plate, the condensation plate, and the quartz glass tube were clean,
the two-phase thermosyphon was assembled. Then, the two-phase thermosyphon was subjected to
vacuuming, liquid filling, and leak detection.

In order to ensure good repeatability of the experimental results, the experiment steps are
as follows:

(1) Connect each unit of the experiment system, and then perform circuit and connection checks on
every unit to ensure that the experimental system is correct.

(2) Open constant-temperature water bath, and adjust the temperature and flow rate to the preset
values. Turn on the high-speed CCD camera to debug the shooting effect.

(3) Turn on the data acquisition instrument, and observe the temperature change until the
temperature at each measuring point reaches a steady state.

(4) Maintain the operation of every other piece of equipment, reset the data acquisition instrument,
and record the temperature data of the temperature measurement point.

(5) Observe and record the gas-liquid two-phase behavior in the confined space during the start-up
and quasi-steady operation in real time. Collect the temperature data. When the change of
temperature is less than 0.5 °C over 20 min, the heat balance can be considered to be reached,
and the experiment for the current working condition can be finished.

(6) After each working condition is completed, adjust the input voltage to zero, and keep the
constant-temperature water bath cooling water circulating until the temperature falls back to the
initial temperature, then perform the experiment on the next working condition.

3. Results and Discussion

When there is a heat load imposed on the flat two-phase thermosyphon, the gravity-driven
vapor-liquid two-phase self-circulation flow is generated in the cavity, accompanied by sensible heat
transport and latent heat transport (evaporation/boiling and condensation). During this vapor-liquid
phase change process, the evaporation, boiling, and condensation phase change, vapor-liquid



Energies 2018, 11, 2295 7 of 13

two-phase flow, and phase interface fluctuations are very complex and coupled with each other
in the flat two-phase thermosyphon. This paper began an observation of the coupled boiling and
condensation phase change inside the confined cavity, and now the effects of heat flux, working
medium, and wick structure on two-phase flow behaviors and thermal performance of the flat
two-phase thermosyphon are examined and analyzed.

3.1. Coupled Boiling and Condensation Phase Change

The nucleate boiling occurs on the evaporator section as soon as a certain degree of superheat is
achieved when the liquid continues to be heated in a two-phase thermosyphon. Figure 5 shows the
typical process of nucleate boiling, namely, the bubbles generate on the evaporator surface, grow, and
then detach from the surface, accompanying intense gas-liquid two-phase flow and phase change heat
transfer in the cavity. As shown in the figure, bubble nucleation is first generated on the heated surface
when the energy accumulates to a certain degree. Then, the bubble starts to grow according to the
evaporation of the liquid microlayer at the bottom of the bubble and the heat transferring from the
superheated liquid around the bubble. When the bubble grows to a certain size on the evaporator
surface, it will depart from the surface by the combined effect of surface tension, buoyancy, and inertial
force. After that, the bubble continues to grow to a diameter equal to the liquid level. When the bubble
rises, the liquid film will be lifted directly against the condenser surface, coursing radial motion of
the liquid on the condenser surface by the scour of the gas flow. The rising movement of bubbles
causes strong disturbance of the liquid pool, which is beneficial for enhancing convective boiling phase
change heat transfer. In addition, the condensation heat transfer can also be increased due to the scour
phenomenon caused by the bubble motion on the condenser surface.
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Figure 5. The evolution of gas-liquid two-phase flow pattern in cavity (¢ = 80%, g = 17.7 W/cm?,
H =20 mm).

It is conceivable that during the operation of the flat two-phase thermosyphon, the boiling
and condensation phase change heat transfer processes coexist and occur simultaneously inside the
cavity, accompanied by complex gas-liquid two-phase flow behavior, such as bubble generation,
growth, movement, coalescence, rupture, condensation, and fluctuation of the gas-liquid interface, etc.
Therefore, these complex thermo-hydrodynamic behaviors play an important role in the operation and
heat transfer of the flat two-phase thermosiphon.
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3.2. Effect of Heat Flux

The heat flux directly determines the intensity of vapor-liquid phase change inside a confined
cavity. Figure 6 shows the variation of temperature on the center point of the evaporator surface over
time under different heat inputs. Figure 7 plots the total thermal resistance as a function of heat flux,
and the corresponding vapor-liquid two-phase flow behaviors affected by heat flux are illustrated in
Figure 7. It can be seen from the figures that, with the increase of heat flux, the thermal resistance of
the flat two-phase thermosyphon shows a decreasing trend (see Figure 7), and the boiling heat transfer
intensifies as indicated by increasing bubble number (see Figure 8).

When the heat flux increases, the temperature on the center point of the evaporator surface
becomes higher when it reaches steady state, as shown in Figure 6. The superheat degree of the
evaporator surface temperature increases, so more nucleation sites are activated, leading to generation
of more bubbles. In this case, the liquid disturbance is intensified and, hence, the convective heat
transfer between the liquid and solid surface is improved. As a result, the boiling heat transfer is
enhanced. In addition, the condensate backflow into the liquid pool is promoted by the bubble rupture
as well as the liquid flushing on the condenser surface. Induced by the stronger disturbance of the
bubble by a larger heat load, the thickness of the condensate film is thinned, so the condensation heat
transfer is enhanced. Therefore, as the heat load increases, the thermal resistance of the flat two-phase
thermosyphon gradually becomes smaller.

It also can be seen from Figure 7 that the thermal resistance of the two-phase thermosyphon
charged with water is smaller than that charged with ethanol as the working medium. This can be
explained by the fact that the viscous resistance of ethanol flowing through the cavity is greater because
of its higher viscosity, which causes weaker liquid disturbance and condensate backflow. Furthermore,
the heat transport capacity of the ethanol is smaller than that of water due to its lower latent heat
of vaporization.
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Figure 6. Effect of heat input on the temperature of the center point on evaporator surface.
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Figure 7. Effect of heat input on thermal resistance (¢ = 65%).
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Figure 8. Effect of heat flux on two-phase flow behavior (working medium: water).

3.3. Effect of Wick Presence

The experimental results indicated that the temperature of the evaporator wall oscillates with time
when the flat two-phase thermosyphon operates. As shown in Figure 9a, there is large temperature
oscillation during the quasi-steady state process, and the temperature oscillation magnitude is about
5 °C when the heat flux is 10.9 W/cm?. Note that the temperature mainly arises from the intermittent
boiling when the heat flux imposed on the heat pipe is not sufficiently large. Considering the
unfavorable temperature oscillation, the cross-shaped wick is introduced in this paper to eliminate
the temperature oscillation. As expected, the temperature oscillation is obviously reduced once the
cross-shaped wick using copper mesh is embedded into the cavity of the two-phase thermosyphon,
as shown in Figure 9b. Under the case with the wick, the temperature oscillation magnitude is only
about 0.15 °C, indicating the feasibility of the wick structure to enhance the operation stability of the
flat two-phase thermosyphon.
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Figure 9. Effect of wick presence on evaporator wall temperature evolution: (a) no wick (¢ = 50%,
q=109 W/cm?, H = 15 mm); (b) cross-shaped wick (¢ = 50%, g =9.9 W/cm?, H = 15 mm).

Apart from the reduction of temperature oscillation, the presence of the wick structure can also
improve the thermal performance of the flat two-phase thermosyphon. Figure 10 describes the thermal

resistance of the flat two-phase thermosyphon with a cross-shaped wick as a function of heat flux.
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In order to highlight the influence of the wick structure, the thermal resistance of the flat two-phase
thermosyphon without a wick is also included in the figure. It can be seen from the figure that the
thermal performance of the flat two-phase thermosyphon is better than that with no wick structure.
This is due to the reason that the heat is more easily transferred from the evaporator heat spot to the
upper and side liquid owing to the high thermal conduction of the metal mesh wick. As shown in
Figure 11, the liquid disturbance is increased as the detachment frequency and number of generated
bubbles on the evaporator surface are significantly increased, so the convective boiling heat transfer of
the liquid pool is improved. Besides, since the wick top contacts with the condenser surface, a shortcut
of condensate backflow is provided by the wick, i.e., the condensate backflow can be promoted by the
capillary force provided by the wick.
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Figure 10. Effect of wick presence on thermal resistance (H = 15 mm, ¢ = 50%).
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Figure 11. Evolution of vapor-liquid two-phase flow inside the wick thermosyphon (H = 15 mm,
¢ =50%, g =20 W/cm?).
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4. Conclusions

A flat two-phase thermosyphon with transparent wall was manufactured and assembled in this
paper, and a visualization experiment system was developed for the visual experimental study of
the boiling and condensation phase change heat transfer process inside the cavity. Considering the
unfavorable temperature oscillation, a cross-shaped wick was introduced to eliminate the temperature
oscillation. The effects of heat flux and wick structure on the two-phase flow behaviors and thermal
performance were analyzed. The following main conclusions were obtained:

(1) Contributed by the evaporation of the liquid microlayer and the heat transferring from the
superheated liquid around, bubbles grow to a certain size on the evaporator surface and then
depart from the surface by the combined effect of surface tension, buoyancy, and inertial force.
As a result, a strong liquid disturbance caused by the bubble motions such as growth, rise,
coalescence, and rupture can be observed during the experiment, which is beneficial for enhancing
the phase change heat transfer processes including boiling and condensation.

(2) More bubbles are generated as more nucleation sites are activated on the heated surface when
the heat flux increases; therefore, the liquid disturbance is intensified and the thickness of the
condensate film is thinned, leading to higher convective heat transfer and condensation heat
transfer. In addition, the thermal resistance of the two-phase thermosyphon charged with water
is smaller than that charged with ethanol because of lower viscosity and higher latent heat
of vaporization.

(3) When a wick is embedded into the cavity, more bubbles are generated and the detachment
frequency is significantly increased, causing stronger liquid disturbance. Therefore, the heat
is more easily transferred from the evaporator heat spot to the liquid in the cavity, leading to
a decrease in the degree of superheat of the liquid. As a result, the temperature oscillation is
obviously reduced.

(4) As a shortcut path is constructed when a wick is used in the cavity, the backflow efficiency
can be improved, resulting in the improvement of thermal performance for the flat two-phase
thermosyphon.
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