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Abstract, Two-phase closed thermosiphon system for cooling high heat flux electronic devices was constructed
and tested on a lab scale. The performance of the thermosyphon system was investigated using R-134a as a
working fluid. The effect of heat flux and the refrigerant pressure on the evaporator side heat transfer coefficient
were investigated. It was found that the heat transfer coefficient increases by increasing the heat flux on the
evaporator or by reducing the inside pressure. The effect of heat transfer mode of the condenser (natural or
forced) also affected the overall heat transfer coefficient in the cycle. At the 200W heating load, the values of the
heat transfer coefficients were 32 and 1.5 kW/mg2. °C, for natural and forced convection modes, respectively.

The temperature difference between the evaporator and the refrigerant saturation pressure was found to be
dependent on heat flux and the pressure inside the system. At 40W heating load, the heat transfer coefficient was
calculated to be 500, 3000 and 7300 W/°C.m? at 0.152, .135 and 0.117 reduced pressure, respectively. It can be
concluded that such a thermosyphon system can be used to cool high heat flux devices. This can be done using an
environmentally friendly refrigerant and without any need for power to force the convection at the condenser.

Index Terms: heat transfer coefficient; two-phase closed-loop thermosyphon; R-134a; forced and natural

convection.
1. INTRODUCTION

The heat dissipation of electronic components is
growing. The traditional air-cooling is ineffective. It is
bounded to dissipate heat at 0.05W/cm? rate. Higher air
velocity or a considerably larger-dissipation area is
required in case of encountering higher heat flux rates [1].
The thermal design must consider the system size, insert
more components within limited space and reduce the
system acoustic noise generated from the heat sinks fans.
The thermal solution is required to dissipate the maximum
power consumption of the electronic equipment and make
it below its maximum operating temperature.

Liquids have much higher thermal conductivities than
gases. Therefore, liquid cooling is more effective than gas
cooling. Two-phase heat transfer technologies are used for
cooling high heat flux devices such as heat pipes [2-6].
Capillary pumped loops and thermosyphons are commonly
applied to cooling microelectronic components and devices

[7]1.

The closed-loop thermosyphon is a simple structure and
reliable. It is efficient for transferring heat in long
distances with a slight reduction in temperature [8]. A
cooling system based on a loop thermosyphon type

composed mainly of a heating block, an evaporator, and an
air-cooled condenser was inspected experimentally [9]. An
efficient and small passive cooling two-phase systems with
advanced micro-thermosyphon cooling systems were
investigated [10].

In this paper, the passive closed-loop two-phase
thermosyphon system was investigated. In this technology
no power was needed to transfer heat and high heat flux
could be dissipated.

The two-phase thermosyphon passive system is a
gravity-dependent and wickless heat pipe. The system
principally consists of an evaporator, condenser, and risers.
The evaporator is attached directly to the hot component.
The condenser should be above the evaporator to exploit
the gravity that made the condensate easily back to the
evaporator. The riser copper tube was connected to the top
part of the evaporator and the down-comer copper tube.

The circulation in the evaporator was initiated when the
working fluid heated up and reached boiling conditions.
The net driving head caused by the difference in density
between the liquid in the down-comer and vapor/liquid
mixture in the riser should be able to overcome the
pressure drop caused by the mass flow. The vapor bubbles
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started to form at the design temperature. When the
working fluid became vapor, its density reduced and left
the evaporator to the condenser. This happens via the riser
tube where it got condensed and found its way to the
evaporator via the down-comer to start new circulation.

The purpose of this research was to investigate the effect
of pressure on heat transfer, heat transfer coefficients, and
overall heat transfer coefficients. The effect of different
types of microstructures on the performance of the closed-
loop thermosyphon system had been studied in [4, 8, 11].
The flow and heat transfer in a closed-loop thermosyphon
had been studied theoretically and experimentally in [5-8],
and [ 12-13].

The pressure drop in riser and evaporator in an advanced
two-phase thermosiphon loop had been investigated
experimentally [14, 15]. It had been found that the total
pressure drop in the riser was the sum of the gravitational
and frictional pressure drop [14, 15].

Pressure in a closed two-phase thermosiphon loop had a
significant effect on the boiling heat transfer coefficient in
the narrow channels of the thermosyphon evaporator [1].
Increasing pressure level generally led to lower
temperature difference and smaller tubing diameter [16].

The thermal performance of a thermosyphon filled with
R-134a had been studied in [17]. It was found that the
performance of the R-134a thermosyphon increased with
high coolant mass flow rates. The high filling ratios and
the greater temperature difference between bath and
condenser affect the performance as well [17]. Pressure has
a great influence on critical heat flux (CHF) [18]. It was
found also that limit critical heat flux decreased with an
increase in pressure but increased with an increase in
diameter [18].

This paper is arranged as follows: Section 2 describes the
thermosyphon system components. Section 3 illustrates the
research methodology. Section 4 presents the analysis and
discussion of the results. The conclusion of the study is
presented in section 5.

2. COOLING SYSTEM COMPONENTS

The research results were based on an experimental setup
built in the laboratory [2]. The main components were
evaporator, condenser, riser pipe, down-comer pipe, seven
thermocouples for temperature measurements, four
pressure gauges for pressure measurements, two heating
elements with potentiometers and suitable insulators.

Fig.1 illustrates the

experimental setup of the

investigated  thermosyphon  system. The  system
components and used materials details are shown below:
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Fig.1. Schematic diagram of the tested thermosiphon
system

2.1 Evaporator: The tested evaporator was made from
copper and the weight was 440 grams. The outer
dimension of the evaporator was 63x50x20 as shown in
Fig. 2.

The internal design of channels and the top view of the
tested evaporator are illustrated in Figs 3 and 4,
respectively.
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Fig.3. Internal channels of the tested evaporator

Fig. 4. Top view of the tested evaporator

The dimensions of the internal channels of the evaporator
are illustrated in Figs 3 and 4. Four vertical channels with
a diameter of 5mm, length of 37mm, and total internal
surface area of 34.5 cm2. Two cartridge heaters were used
in the experiment, each of 250W capacity, and they were
exactly inserted into two cylindrical holes drilled in the
evaporator. To reduce the contact resistance as much as
possible between the heaters and the evaporator surfaces,
special epoxy material was filled in between.

The power of the heaters was equally distributed to the
evaporator channels and was varied in steps from (4-150)
W at natural convection condensation. For this purpose,
the heaters were connected to a potentiometer with a solid-

state relay. Fig. 5 shows the position of the evaporator's
internal channels concerning heaters' holes and shows the
direction of refrigerant flow in the system.

The heat supplied from the heaters was assumed to be
dissipated through the evaporator without any losses due to
the tight fixing of the heaters inside the evaporator as well
as the good insulation of the evaporator using 3mm
thickness rock wool.

2.2 Condenser: An aluminum-finned condenser with the
fins oriented vertically that can be cooled by free or forced
convection was used. The condenser is 1.32 m2 outside
surface area through 120 parallel plates 4.4 x 25 cm with 3
mm spacing
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Fig.5. Position of evaporator's internal channels

concerning heaters holes

2.3 Riser and down-comer: Both the down-comer and
riser were constructed from copper tubing that has high
corrosive  resistivity against HFCs. The detailed
dimensions of the riser and down-comer are illustrated in
Fig. 1.

2.4 Sight glass: Two sight glasses were mounted on both
the riser and down-comer close to the condenser. The
sight glasses gave a clear idea about the fluid phases as
well as monitoring any malfunction of the system.

2.5 Measuring devices: The Input heat flux was
determined by measuring the voltage and the resistance of
each heater using a Fluke 45 Dual Multi-meter. By

applying ohms law (P ='§) the input heat flux was

calculated. In each measurement, the average values were
considered to eliminate the voltage fluctuations, which was
less than 2%. Seven K-type thermocouple sensors were
attached in the thermosyphon system to monitor the
temperatures all over the system. The position of each
sensor is illustrated in the schematic diagram of the



Abdelrahim Abusafa and Aysar Yasin / Effect of Pressure on the Performance of Passive Two-Phase
Closed Thermosyphon System Using R-134a (2020)

thermosyphon system shown in Fig. 1. The temperature
readings were registered by a multi-channel thermometer
(Lutron Model: TM-946). Four pressure gauges were used
to read the pressures on the inlets and outlets of the
evaporator and condenser. Fig. 1 shows the position of
each pressure gauge. The pressure readings were recorded.
The corresponding saturation temperatures were estimated
using saturated liquid-vapor tables for each refrigerant.

2.6 Working fluid: R134a-tetrafluoromethane (CF;CH,F)
was used in this study. The system was evacuated before
charging the refrigerant. At the end of the charging
process, the non-condensable gasses were also vented out
through the vents at the top of the condenser after heating
the system.

3. RESEARCH METHODOLOGY

The research methodology was mainly based on an
experimental setup of a two-phase closed thermosyphon
system built in the laboratory. The effect of heat flux,
pressure on the system performance was investigated.

The heat flux was the main manipulated variable during
the experimental work. The heat flux steps were 5to 10 W.
The maximum heat flux was always below the critical heat
flux (CHF). After the system reaches the steady-state, the
temperatures at the designated points were recorded in 10
seconds intervals and then these values were averaged
every three minutes

4. RESULTS ANALYSIS AND DISCUSSION

4.1 calculation of heat transfer coefficient at different
heat loads:

The experimental heat transfer coefficient was defined by
the ratio of the heat flux and the temperature difference
between the evaporator wall and the saturation temperature
of the refrigerant as in Eqg. (1). Since it was difficult to
measure the surface temperature of the channels, it was

assumed that the temperature of the inner channel surface
was the same as the temperature measured inside the wall
near the channel.

Q Q
h —__ A ~ A
ex -
P To-Tsae Ts—Tsat

M

Where Q is heat load (W), A is the internal surface area
of the evaporator channels (m?), T. is the surface
temperature of the evaporator channel (°C), Ts is the
surface temperature of the evaporator and Tg is the
saturation temperature at working pressure.

The heat transfer coefficient was affected by errors in the
temperature difference between the wall and the fluid and
in the heat flux measurement. This temperature difference
was compensated in the above equation by subtracting it
from the temperature difference between the evaporator
wall and the saturation temperature of the refrigerant; it
was measured and was found to be neglected from the
estimation [1]. The high heat transfer coefficient was
greatly dependent on the temperature difference between
the evaporator wall and the temperature of the refrigerant
in the inside channels.

The heat flux (Q) exposed to the evaporator is calculated
using eg. (2).

Q = (2)

| QO

The experimental value of the heat transfer coefficient
was studied concerning different reduced pressures.

Fig. 6 shows the heat transfer coefficient versus the heat
load dissipated into the evaporator channels using
refrigerant R-134a at natural convection (NC) heat transfer
mode in the condenser. Eq. (1) is used for calculating the
experimental heat transfer coefficient. It is clear that the
heat transfer coefficient increases with increasing heat
load.
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Fig.6. The heat transfer coefficients for R134a at different heat loads using natural convection (NC) mode in the
condenser

The direct proportional relation between the heat transfer forced convection (FC) at the same heat loads at low heat
coefficient and the heat load indicates nucleate heat loads. This was due to higher saturation pressure in the
transfer boiling in the thermosyphon system. thermosyphon system at natural convection. This fact

appears clearly in Fig. 7, which compares the forced and
The heat transfer coefficient with free convection cooling natural convection heat transfer coefficients. This result
mode was higher than the heat transfer coefficient with agrees with the conclusions obtained in [12].
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Fig.7.Comparison between heat transfer coefficients for R134a at different heat loads and condenser cooling modes (FC
and NC)
Fig. 8 shows the relationship between heat flux and the saturation temperature of the refrigerant inside the
temperature difference between the evaporator wall and the channels at the natural convection mode of the condenser.
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Fig. 8. Heat flux for R134a versus the resulted temperature difference, using natural cooling in the condenser (NC)

4.2 Experimental heat transfer coefficient at different
heat loads and reduced pressures.

Fig. 9 illustrates the relationship between the heat

S000

transfer coefficient and the heat load at different reduced
pressures. It shows that the heat transfer coefficient
increases as the reduced pressure increases at different heat
loads.
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Fig. 9. Comparison between heat transfer coefficients for different reduced pressures at different heat loads

This result had been approved by many researchers who
studied the effect of pressure on the boiling heat transfer
coefficient. This result can also be generalized for different
fluids as the law of corresponding states that variation of
thermodynamic and transport properties with reduced

pressure was similar for different fluids [1].

Fig. 10 illustrates more clearly the relation between the
heat transfer coefficient and the reduced pressure at a
specific heat load range.
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Fig. 10. heat transfer coefficient values s at different reduced pressure and 50 W heating load

It can be seen in Figs 9 and 10 that the heat transfer The relationship between the heat flux and temperature
coefficient is promoted by increasing reduced pressure. difference at different reduced pressures is presented in
Several investigators studied the effect of the pressure Fig. 11.

level on the heat transfer coefficient and proved a similar
phenomenon with different refrigerants [19].
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Fig. 11. Relationship between the heat flux and temperature difference at different reduced pressures

It is clear that as the heat flux increases the temperature difference at different heat flux, using Isobutane (R600a)
difference increases but with different slopes depending on refrigerant had been studied in the literature [1]. It was
the saturation pressure in the thermosyphon system. The found that temperature difference decreases as the reduced
heat transfer coefficient increases with increasing pressure increases, while the temperature difference
saturation pressure. At reduced pressures 0.157 and 0.135, increases as the heat flux increases.

the maximum temperature difference obtained was 2.9°C
at 152 kW/m?> and was 5.51°C at 134 kW/m?

respectively. 5. CONCLUSIONS

The effect of reduced pressure on the temperature
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This study demonstrated that the heat transfer coefficient
was directly proportional to the reduced pressure [2]. The
temperature difference [Teva—Ts] was found to be
dependent on both the pressure inside the system and the
heat flux applied to the evaporator.

The heat transfer coefficient was highly dependent on the
heat applied to the evaporator. It increases linearly with

heat applied to the evaporator.

The heat transfer coefficient with free convection
condensation was higher than the heat transfer coefficient
with forced convection condensation. This has occurred at
the same heat load. This was due to higher saturation
pressure in the thermosyphon system at natural convection.
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