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ABSTRACT

COMPARATIVE PERFORMANCE TESTS ON THERMOSYPHONS
AND APPLICATION AS HEAT PIPE HEAT EXCHANGER COOLER
OPERATING BETWEEN 30-100°C

CHRISTOPHER LIM YI-JIN

The overall objective of the research was to develop a modular heat pipe heat
exchanger cooling system for molds and dies in the foundry industry. The
study was carried out in three phases - A, B and C. Phase A was conducted to
determine the evaporating and condensing heat transfer coefficients in water-
filled wickless heat pipes (two-phase closed thermosyphons) in order to
simulate their performances. Three thermosyphons were fabricated with
different length/diameter aspect ratios of from 5.0 — 10.0. Each thermosyphon
was heated with electrical resistance wires wound around the evaporator
section and cooled with a concentric pipe cooling water jacket around the
condenser section. Experiments were carried out with evaporator heat input
rates from 5-405 W, coolant water flow rates from 0.003-0.050 kg/s, fill ratios
from 0.25-1.00 and pipe inclination angles from 23-90 degrees to the
horizontal. The evaporator axial wall temperature distribution was found to be
quite uniform at the low power inputs below about 18 W but found to be non-

uniform at the higher powers. Evaporator wall temperature could be calculated



from the average bulk temperature or from an arithmetic mean along the
evaporator section of the pipe. As a result of the non-uniformity temperature
distribution, differences were observed between these two values by as much
as 14°C especially at the high power inputs. All three water-filled
thermosyphons showed that best performance was obtained with a fill ratio of

1.00 and in a vertical position. A large aspect ratio of 10 was also preferred.

In phase B, a method was proposed to obtain comparative performance
test data of various heat pipes rapidly and economically. The method involved
measuring and comparing the transient temperature of a pre-heated container of
hot water obtained with and without the heat pipe immersed inside the
container. The method was demonstrated using a number of different water and
air-cooled thermosyphons. The results showed that force air convection cooling
was better than natural convection cooling and that high coolant water flow

rates was better than low water flow rates.

In phase C, a modular thermosyphon heat pipe heat exchanger (THPHE)
cooling system capable of removing up to 2 kW of heat was fabricated and
tested. It was filled alternatively with water and R410a and with fill ratios from
0.25-1.00. It was observed that the R410a-filled unit performed better than the

water-filled one at high fill ratio but water was preferred at low fill ratio.
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CHAPTER 1

INTRODUCTION AND OVERALL OBJECTIVE

1.1 Heat pipe

A heat pipe (HP) consists essentially of a vacuumed cylindrical metal
container or pipe with a wick insert and a small quantity of working fluid
sealed inside. The pipe is segmented into three parts: the evaporator, adiabatic,
and condenser sections. Heat applied on the surface of the pipe in the
evaporator section by an external heat source causes the working fluid to boil
and vaporize, picking up latent heat of vaporization. The vapor travels inside
the pipe to the colder condenser section of the pipe where it condenses. At the
condenser section, the vapor gives up its latent heat of condensation. The
condensate is then transported back to the evaporator section by capillary
action or by gravity. Heat is thus transferred from the evaporator section to the
condenser section of the heat pipe. This process will continue as long as
condensate returns to the evaporator. A wickless heat pipe is shown in Figure
1.1. It is also known as a two-phase closed thermosyphon (TPCT). For a TPCT
to work, the condenser section must be located above the evaporator section.
The thermal performance of a TPCT is dependent on the heat input, fill ratio,
geometrical dimensions and inclination of the pipe from the vertical. The heat
extraction capability is also very much dependent upon the design of the
condenser. In the case of an air cooled TPCT, either natural or forced

convection could be employed. For water cooled pipes, a water coolant jacket



could be attached at the top of the TPCT and forced circulation of water could
be employed. Some of the common measurement for aspect ratio (AR) and fill

ratio (FR) can be seen in Fig 1.2.
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Figure 1.1 Cross sectional view of a thermosyphon
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Figure 1.2 Evaluation of AR and FR of a thermosyphon
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In most manufacturing and industrial processes, a percentage of energy
used will be lost as heat. The waste heat could be recovered via thermosyphon
heat pipe heat exchangers (THPHES). Heat can be recovered from industrial
ovens, furnaces, boilers, generators and incinerators. Heat recovery from
exhaust gasses can provide large amount of energy savings and reduction in
CO; emission. A HPHE basically consist of an array of HPs (Dobson and

Loubscher 2013). A typical THPHE system is shown in Figure 1.3.

HPs are about 35% more efficient than a conventional heat exchanger
and 1000 times better than by pure conduction in a copper pipe. Another
advantage of using HPs is that they are enclosed and isolated from the
environment, enabling it to recover heat energy from dirty or corrosive
environment. Due to the high thermal conductivity the heat transfer is almost
instant. The THPHE acts as a passive heat transfer device, where it will
continue to function as long as there is a temperature difference between the

condenser and evaporator end as low as 5°C.

Heat Pipe Heat Exchanger
SUPPLY QUTLET
) \’ (WARM AIR}
= - EXHAUST
e INLET
S 4 HOT AIR)
S
SUPPLY [
INLET
(COLD AIR)
HEAT PIPES
PARTITION
EXHAUST
OUTLET
(COOL AIR)
e S

Figure 1.3 Isometric view of an air to air heat pipe heat exchanger (Source:
china-heatpipe. Image by: banye)
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1.2 Cooling of molds and dies in the foundry industry

Molds and dies in the foundry industry are mainly used to mass produce
metal parts with complex design. The molds and dies contain the pattern of the
intended product. Hot molten metal is injected into the molds and dies through
cavities by means of high pressure injection. Once the molten metal is in place,
cold water is cycled through the cooling channels within the molds and dies.
The cold water removes heat from the system enabling the molten metal to
cool and solidify. At the end of the cycle, the metal product is released from
the molds and dies set. Traditionally, plastic injection molds and dies are
cooled by water flowing inside cavities, usually supplied from a central cooling
tower. There are two types of water circulation, a conventional cooling cycle
where water runs throughout the cycle time and a pulse cooling cycle where
water flows through the cavity upon sensing the molds surface temperature and
applies a pulse of coolant. The advantage of using pulse cooling is direct
control over mold surface temperature, quick warm up time, elimination of
thermal drift and minimum water consumption. However both the conventional
and pulse cooling cycle introduces thermal stress on the molds and dies.
Thermal stress causes the molds and dies set to crack after many process cycles
due to the rapid expansion and contraction of the metal at the molds and dies.
An existing solution to this problem is to use a higher grade of steel for the
molds and dies set, marrying (marrying: a process of joining) steel to the molds
and dies set or apply chemical lubricant within the molds and dies set to
enhance its life span. A newer solution would be to insert heat pipes within

molds and dies set, where the heat pipe is able to extract the heat from the



molds and dies set without introducing thermal stress to the system as the

heating and cooling occurs at two different locations.

Based on some industrial survey, some molds and dies manufacturer
maintain the temperature of a mold and die set to a fix temperature. They do
not cool the mold and die set as this will affect the quality of the finished
product. Industrialists mentioned that the temperatures of molds and dies are
regulated in accordance with the type of plastic used or metal used for the

product.

1.3 Cooling towers.

A cooling tower is a heat rejection device. Cooling towers are typically
employed in heating, ventilation and air conditioning (HVAC) systems.
Cooling towers can be classified into three categories based on heat transfer
methods: dry cooling towers, wet cooling towers (open circuit cooling towers),
and fluid coolers (closed circuit cooling towers). Dry cooling towers utilize
convective heat transfer, such as in a tube-to-air heat exchanger. Wet cooling
towers are more commonly used for their higher efficiency due to evaporative
cooling. Fluid coolers are similar to dry cooling towers except clean water is
sprayed and a fan-induced draft is applied to the external surface of the heat
exchanger. Fluid coolers are preferred if the application is sensitive to

contamination or environmental exposure.



Figure 1.4 illustrates the operation of a dry cooling tower. Heated water
from a heat source is pumped through the heat exchanger typically with fins.
Heat is removed by mechanical draft. The working fluid is cooled at the end of
the heat exchanger and recycled to the heat source. The advantage of this
method is that the working fluid is isolated from environmental exposure; this

eliminates the risk of contamination from environment.

fluid (water)

Figure 1.4 Dry cooling tower operation (Source: cts-cooling. Image by
Unknown)

An open air type cooling tower is shown schematically in Figure 1.5.
Heated water from a heat source (1) is pumped to the top of a cooling tower.
The heated water is evenly dispersed over the tower fill (2). The water flows
down the fill, which spreads the water over a larger surface area to increase the
rate of evaporation and remove heat. A large fan draws air across the fill (3)

which accelerates evaporation and the water continues to flow down the tower



cell and back to the system (4). As system water evaporates, only pure water is
lost. To make up for the water that is lost through evaporation, fresh water is
introduced to the system through a make-up line (5). The more water that is
lost through evaporation the greater the need for make-up water and the faster
the concentration of elements are built up. To reduce the concentration of
elements in the water, a bleed out valve is opened and dumps a portion of the
water as waste water (6). This waste water discharge must also be replenished
by adding more make-up water into the system. The make-up water contains
fewer elements than system water it will slowly reduce element concentration.
During normal operation evaporation, bleed off and make-up are balanced to

maintain a proper water volume while creating a continuous open loop.

<—.To HeatSource“ l . ‘I| wer Or

Storm Drain

Figure 1.5 Open air type cooling tower (Source: terlyntech. Image by
Unknown)



Figure 1.6 and Figure 1.7 illustrates a fluid cooling tower. Heated
working fluid from a heat source is pumped from the bottom of the cooling
tower to the top. Cooling liquid is evenly dispersed over the tower fill and the
water flows down the fill, which spreads the water over a larger surface area to
increase the rate of evaporation and remove heat. Air is drafted horizontally
and vertically across the fill which accelerates evaporation and the cooling
liquid continues to flow down the tower cell and is recycled as the process
repeats. The fluid cooling tower is a hybrid combination of the dry cooling
tower and wet cooling tower, where the advantages of having a separate system
to eliminate contamination is present as well as applying enhanced evaporative

cooling to further cool down the working fluid.
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Figure 1.6 Fluid cooling tower operation (Source: baltimoreaircoil. Image
by Unknown)



Air Across

Figure 1.7 Fluid cooling tower cut away section (Source: baltimorecoil.
Image by Unknown)

1.4 Problem statement

The need for energy grows as technology advances. Some of the areas
to address this issue would be energy efficiency and sustainable energy
especially for cooling. In the mold and die injection industry, a large amount of
energy is required to cool the mold and dies during the injection process. This
usually entails a small number of large cooling towers to service the cooling
needs of numerous injection machines connected together. In certain instances,
only a small number of machines could be operating simultaneously. Hence
there is a need to find alternative cooling methods where only a small number
of machines are running to reduce the temperatures of a device. For this reason
small energy efficient modular cooler central cooling towers should be made to

replace larger less efficient systems.



1.5 Overall objective of this thesis

The objective of the research is to develop a thermosyphon heat pipe
heat exchanger (THPHE) cooling system for cooling of molds and dies in the
foundry industry. In particular, the THPHE would replace the conventional
cooling tower to remove heat from the molds and dies set during operation.

The investigation would be carried out in three phases:-

1. Phase A: To determine the evaporating and condensing heat transfer
coefficients in various water-filled thermosyphons. This will enable a
theoretical model to be prepared in order to simulate their thermal
performance.

2. Phase B: To propose a method to obtain comparative performance test
data of various HPs rapidly and economically. Existing test methods
require expensive set ups and long testing times.

3. Phase C: To fabricate and test a modular THPHE cooler to replace a
conventional cooling tower for the cooling of molds and dies in the

foundry industry.

1.6 Outline of Thesis

The layout of this thesis is presented in the following chapters.
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In chapter 2, a brief review on thermosyphons operations and
thermosyphon performance are introduced. The procedure for phase A are
described aptly in this chapter. A theoretical model is proposed and presented
in chapter 2 also. The results of the performance of various thermosyphons at
different coolant flowrates, fill ratios, thermosyphon inclination angle and
aspect ratio are presented and discussed. The performance is determined by a
power versus temperature difference plot and an overall thermal resistance
versus power plot. Beside the performance of various thermosyphons under
various settings, the heat transfer coefficient for both evaporator, he, and
condenser, h;, were obtained experimentally. The values of h, and h; are

presented and discussed.

In chapter 3, a brief review on thermosyphons types and thermosyphon
performance testing methods are introduced. The procedure for phase B are
described aptly in this chapter. A novel method to determine the performance
of a heat pipe is proposed and presented. The results of the novel method and
along with the comparison with a traditional method and simulated results are
presented and discussed. The novel method is compared to the results obtained
in phase A and simulated results from the theoretical model proposed in phase

A

In chapter 4, a brief review on heat exchangers designs, thermosyphon
heat pipe heat exchangers and work done on heat exchanger systems are
introduced. The procedure and fabrication of the THPHE cooler details are

described in chapter 4. The performance of the thermosyphon heat pipe heat
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exchanger, THPHE, cooler using water and R410a are presented and discussed.
The results obtained from phase C experimentally are compared against the

results from the theoretical model are presented and discussed as well.

In chapter 5, suggestions for future work for phase A, B and C are
proposed. Improvement on experimental setups and procedures are proposed.

In addition to that, improvement to the current THPHE designs are suggested.

The last chapter contains the conclusion of this thesis.

12



CHAPTER 2

PHASE A: PERFORMANCE OF WATER FILLED
THERMOSYPHONS BETWEEN 30-150°C

In chapter 2, a brief review on thermosyphons operations and
thermosyphon performance are introduced. The procedure for phase A are
described aptly in this chapter. A theoretical model is proposed and presented
also. The results of the performance of various thermosyphons at different
coolant flowrates, fill ratios, thermosyphon inclination angle and aspect ratio
are presented and discussed. The performance is determined by a power versus
temperature difference plot and an overall thermal resistance versus power
plot. Aside from the performance of various thermosyphons under various
settings, the heat transfer coefficient for both evaporator, he, and condenser, he,
were obtained experimentally. The values of he and h. are presented and

discussed.

The objective of this chapter is:-

i) To determine the evaporating and condensing heat transfer
coefficients in various water-filled thermosyphons. This will enable
a theoretical model to be prepared in order to simulate their thermal

performance.

i) To determine the effect of coolant flowrates (m,,), fill ratio (FR),
thermosyphon inclination angles (0) and aspect ratio (AR) on the

performance of the thermosyphon.
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2.1 Literature survey

2.1.1 Heat pipe

The performance of a thermosyphon is dependent on the fill ratio (FR),
type of fill liquid, power input at the evaporator (P), pipe inclination (), and
length/diameter aspect ratio (AR). An optimal FR is important as too much fill
liquid can cause flooding and too little will cause dry out. Both of these
phenomena are undesirable as they can reduce the performance of the heat pipe.
Flooding occurs when liquid collecting in the condenser and adiabatic regions
are unable to return to the evaporator section. Dry out occurs when the rate of
return of the condensate from the condenser section is insufficient to meet the
evaporation rate due to high heat flux in the evaporator section. The operating
heat flux applied to the evaporator section is important as well. A high heat
flux can induce violent boiling in the evaporator section causing blockage of
returning condensate. Prolong exposure to high heat flux can also induce dry
outs. There is an optimum pipe diameter related to a vapour flow such that any
increase in the pipe diameter may contribute to the flooding phenomenon. An
increased pipe diameter is desirable to avoid flooding. Axial heat conduction
occurs along the pipe wall. The magnitude of this heat transfer compared to the
heat transfer by evaporation and condensation in a thermosyphon would be
comparable if the heat input is small. Generally, a small temperature difference
between evaporator and condenser section of about 5°C is required to initiate
operation of the thermosyphon. This would depend on the type of fill liquid

and the physical dimensions of the pipe.
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2.1.2 Previous investigations on thermal performance of heat pipes and
thermosyphons

Nguyen-Chi and Groll (1981) investigated the entrainment or flooding
limit in a closed two-phase thermosyphon with a water-filled 20 mm OD x 17
mm ID x 2.5 m long copper thermosyphon with inner circumferential grooves.
Evaporator and condenser sections were each 1.0 m long. The evaporator
section was heated with electrical resistance wires and the condenser cooled
via a water cooling jacket. FR was between 0.38-0.88, inclination angle from
1-80°, evaporator wall temperature from 20-80 °C and power input between
100-420 W. They derived an empirical correlation to predict the maximum
performance for the inclined thermosyphon and recommended further work to
be performed to determine the influence of parameters like FR, aspect ratio,

internal surface roughness of pipe, and type of working fluid.

Gurses and Cannistraro (1991) studied the inclination effect on water
filled heat pipes for solar energy applications with an 18 mm OD x 15 mm ID x
1.93 m long copper pipe. The air-cooled condenser was 420 mm long fitted
with external 400 mm diameter fins. Power input of up to 1200 W resulted in
an evaporator wall temperature as high as 70 °C. They concluded that the best
inclination angles are between 45-90° due to entrainment limit and capillary

limit, and is dependent on the power input range.

Terdtoon et al. (1996) investigated the effect of aspect ratio on the heat

transfer characteristics of a two-phased closed loop thermosyphon. They used
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copper pipes with 7.5, 11.1, and 25.9 mm diameter with corresponding AR
values of 5, 10, 20, 30, and 40. Evaporator temperatures were kept about 10 °C
and FR at 0.8. Fill liquids were R22, ethanol, and distilled water. They
concluded that the best inclination angles were between 40-70° depending on
aspect ratio. The author determined the best inclination angles by comparing
the output power at a particular angle to the output power at a vertical
orientation (y = power output at an angle/ power output at vertical). He found
that refrigerant R-22 filled heat pipe peaked at y = 1.3 at 20°, ethanol filled heat
pipe peaked at y = 1.2 at 50° and water filled heat pipe peaked at y = 1.1 at 70°.
The authors mentioned that the aspect ratio had more effect on the performance

of a thermosyphon compared to type of fill liquid or inclination.

Payaruk et al. (2000) correlated the heat transfer characteristics of an
inclined, closed two-phase thermosyphon at normal operating conditions. They
used pipes of 7.5, 11.1, and 25.4 mm ID with R22, R123, R134a, ethanol, and
water. They also used FRs at 0.50, 0.80 and 1.00, and ARs of 5, 10, 20, 30 and
40. Inclination angles were between 10-90° with incremental steps of 10°. The
controlled adiabatic wall temperature ranged from 0-30 °C. From their work
they concluded that FR has no effect at 90° but instead the type of fill liquid

affected the heat transfer characteristics.

Khandekar et al. (2003) investigated the operational regimes of a heat
pipe using a 2 mm ID copper heat pipe with R123, water and ethanol, and

inclination angles set between 0-90°. The evaporator temperature range
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achieved was 100 °C at 47 W with water and 22 W with ethanol. The optimal

FR was found to be between 0.25-0.65 depending on fill liquid type.

Noie (2005) investigated the heat transfer characteristics of water filled
two-phase closed thermosyphons with 25 ID x 32 mm OD copper pipes. Each
thermosyphon was 980 mm long with a 51 mm OD x 380 mm long water
cooled jacket. Electrical resistance heating was applied with input power
varying from 100-900 W. Evaporator wall temperature ranged from 100-180
°C. ARs of 7.45, 9.80, and 11.80 were obtained by varying the evaporator and
adiabatic lengths. Only the evaporator section was insulated with 55 mm thick
rock wool. FRs were kept at 0.30, 0.60, and 0.90. The results showed that
evaporator wall temperature distribution was almost isothermal especially at
the low power input. Also, for each thermosyphon, the maximum evaporator
wall temperature attained is dependent on a combination of FR and AR; viz.
AR = 7.45 with FR = 0.90 and AR = 11.8 with FR = 0.60. The author
compared his heat transfer coefficients for AR = 9.8 at the various FRs and
concluded that they were in reasonable agreement with the empirical

correlations by Rohsenow (1962) and Imura et al. (1977).

Ong et al. (2014) investigated the axial temperature distribution and
performance of R410a and water filled thermosyphons with various fill ratios
(0.25, 0.40, 0.66, and 0.93) and inclinations (30, 50, 70, and 90°) using a 38
mm OD x 807 mm long copper heat pipe. They varied the heat input from 100-
830 W which generated evaporator wall temperatures of up to 65 °C. They

found that the performance increased as FR and inclination was reduced. They
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also concluded that the R410a filled thermosyphon performed better at all

inclinations and fill ratios between 30-65 °C.

Guo and Nutter (2009) separated the evaporator section of a
thermosyphon from the condenser section with a non-conducting adiabatic
piece to examine the effect of axial conduction along a heat pipe wall. They
noted that axial conduction along a continuous thermosyphon wall causes non-
uniform wall temperatures along the evaporator section up to +5 °C. The
evaporator section exhibited a more uniform temperature distribution, within
+2 °C, once separated by a non-conductive wall material from the condenser

sections.

Previous investigations by Ong and Haider (2003) on low temperature
R134a filled thermosyphons showed that a minimum of 3 °C was required for

the thermosyphon to operate.

2.1.3 Theoretical simulation of thermosyphon

Wrobel, Fadhl and Jourhara (2013) modelled the temperature
distribution in a two-phase closed thermosyphon using experimental and
simulated data. In their experimental phase they used a 22 mm OD x 500 mm
long copper heat pipe with power inputs between 50-500 W, a fill ratio of 0.5
and a cooling jacket for cooling. The evaporator wall temperature was around
70-97 °C while the condenser cooling water was kept between 39-57 °C. In the

simulation phase the authors used a two-dimensional model with ANSYS
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FLUENT to simulate the two-phase flow and heat transfer phenomena in a
thermosyphon. The author used different mesh sizes to test grid independence.
The authors found that mesh sizes from 19,603-87,800 showed little to no
difference between temperature readings in the condenser and evaporator
section respectively. They managed to simulate the boiling pool and
condensing film as seen in Figure 2.1. The CFD simulation of the overall
thermal resistance was 50-60 % similar to the experimental results. The
experimental results showed a decrease from 0.3 to 0.1 K/W (K/W:

Kelvin/Watt) and CFD showed a decrease from 0.5 to 0.2 K/W.
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Figure 2.1 Contours of volume fraction of pool boiling in the evaporator
section at different times (Wrobel, Fadhl and Jouhara 2013)

Liu et al. (2009) numerically simulated and experimented on a flat two-
phase thermosyphon made of quartz glass and brass pieces measuring 85 mm
OD x 6 mm long (quartz glass). The top and bottom of the thermosyphon was
made of brass,3 mm thick, and the heat source was 30 mm OD with water as a

working fluid. The evaporator section was made up of four heating rods
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providing heat flux between 0.25x10° and 0.99x10° W/m? which resulted in a
maximum temperature of 60 °C. The condenser section was a fan blowing
vertically onto the cooling surface. A two-dimensional heat and mass transfer
model was used to simulate the vapour velocity and temperature distribution as
seen in Figure 2.2. The authors found that boiling of the nucleate and maximal
vapour velocity happens at the heating area and seldom spread to the side walls
of the thermosyphon. There was an uneven spreading of heat at the evaporator,

creating heat spots, which reduced the efficiency of the heat pipe.
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Figure 2.2 (a) Temperature distribution of a two-phase thermosyphon (b)
The distribution of vapor y-velocity (c) Photograph of boiling phenomenon
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Wrobel, Fadhl and Jouhara (2015) modelled a two-phase thermosyphon
charged with R134a and R404a with slight modifications to their earlier work
(Wrobel et al., 2013). A different fill liquid, and improved boundary condition
assumptions were now used. Comparing Figure 2.1 and Figure 2.3, the
difference observed was the nucleating bubble sizes. Water exhibits a larger
bubble size as opposed to refrigerants which exhibit smaller bubble sizes. This
was attributed to the physical properties of the fill liquid itself. Using FLUENT
the authors successfully simulate the complex boiling and condensing process

occuring within a thermosyphon.
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Figure 2.3 Pool boiling process in the evaporator section for an R134a-
filled thermosyphon (Wrobel, Fadhl and Jouhara 2015)

Rahimi, Alizadehdakhel and Alsairafi (2010) modelled the flow and
heat transfer in a thermosyphon. The authors used a 19 mm OD x 1000 mm
long copper heat pipe to verify their CFD findings. The power input was
between 350-700 W and FR was between 0.3 and 0.8. The best performing FR

was in the order of 0.5, 0.8 and 0.3 based on the experimental results. The
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authors used FLUENT to model their CFD and the volume of fluid (VOF)

technique was used to simulate the boiling and condensing phases inside a

thremosyphon. The results obtained from the CFD model and the experimental

results conformed within + 10 %.
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Figure 2.4 Contour plots of vapor volume fraction in the evaporation
section (FR=0.8) (Rahimi, Alizadehdakhel and Alsairafi 2010)

Kafeel and Turan (2014) simulated the response of a thermosyphon

under pulse heat input conditions. Kafeel and Turan (2014) reached similar

consensus with the work of Wrobel (2013) and Wrobel (2015) in which mesh

size was tested grid independent. Kafeel and Turan (2014) used the Eularian

two-fluid methodology to simulate the response of the thermosyphon. Figure
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2.5 shows that the experimental and simulation results are very similar with a £

10 % difference.
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Figure 2.5 Temperature profile along the outer walls of thermosyphon
(Kafeel and Turan 2014)

2.2 Theoretical model

2.2.1 Model description

A simple theoretical model for the thermosyphon is proposed in Figure
2.6 (a) is proposed. The model used to predict the performance of the
thermosyphon heat pipe heat exchanger (THPHE) system is based on the
thermal resistance network. The thermal resistance network for the model is

shown in Figure 2.6 (b). The model assumed no heat loss to the surroundings.
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Hence power input at the evaporator section is equaled to the heat removed at
the condenser section. It is further assumed that there are no heat transfer along

the pipe wall, Ryan = 0.

2.2.2 Resistance network
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Figure 2.6 (a) Theoretical model (b) Thermal resistance network

The total resistance to the heat transfer, £R, is found by adding up the
individual resistance to heat flow. The individual resistances are defined and

calculated as follows:

D
In =0
b, _
Evaporator wall: R ST [K/W] Equation 1
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where Kya = 401 W/mK

. 1
Boiling at evaporator: Revap =(—) [K/W]
7D; Leh
i ~eNevap

where hevap IS Obtained from the experiment in phase A

1

aDjLgh

Condensation at condenser: Rcond =(
cond

J[K/W]
where heong 1S Obtained from the experiment in phase A

In[ ?)0 ]
Condenser wall: R —_ N1/ K/W
c,wall zﬂkwa" Lc [K/W]
. 1
Ext film at condenser: Ry, = ———— [K/W]
(7DoLchw)

where hy, = 13.1 W/m? K

Equation 2

Equation 3

Equation 4

Equation 5

The temperatures at the respective interfaces in Figure 2.6 can be calculated

from the following equations; where AT, is the mean difference between the

evaporator and condenser section.
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R . _
Te,wi =Te,wo —e’ZL;"ATm [C] Equation 6

Re,wall + Reva o .
Tsat =Te,wo — SR P AT [C] Equation 7

Re,wall + Revap + Rcond

AT C Equation 8
SR m [C] q

Te,wi =Te,wo —

Re,wall + Revap + Reond + Re, wall

AT ‘Cl Equation 9
R m L[C] q

Te,wo =Te,wo —

Re,wall + Revap + Rcond + Re,wall + Rw

AT [ C] Equation 10
YR

Tw=Te,wo —

The simulation is started by inserting known variables such as the
evaporator temperature (T.), the pipe outer diameter (D,), pipe inner diameter
(Di), mass flow rate of water, water inlet temperature (Ty;), fill ratio (FR),
evaporator length (L), condenser length (Lc), adiabatic length (Lag), power
input (P), heat transfer coefficient of water (h,) and thermal conductivity of
copper (kwan). The evaporator and condenser heat transfer coefficient are
obtained from the experiment in phase A and tabulated in Appendix A.
Different values of heat transfer coefficient are used depending on the
temperature range and power input range which varies from 50-600 W/m?K for

he and 1000-6000 W/m?K for he.
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Once the variables are inserted into the simulation model using the
thermal resistance network, the individual resistances and interface temperature
can then be predicted. With these results a simulated run can be produced with
the given inputs. The simulation is simply mathematical models which are

presented in Equation 1 through 10.

2.3 Experimental investigation

2.3.1 Experimental apparatus

The experimental set up is shown in Figure 2.8. Three thermosyphons
were constructed from 305 mm long copper tubes with different diameters as
shown in Table 1. Aspect ratios (ARs), defined as the ratio of evaporator length
(Le)/evaporator inner diameter (D;) equal to 10.0, 6.7 and 5.0 were obtained for
the three units. The thermosyphons were filled with distilled water and the non-
condensable gasses were removed using a vacuum pump. The thermosyphons
were then covered with 100 mm thick rockwool insulation. Fill ratio (FR) was
defined as the ratio of liquid/evaporator internal volume. Fill ratios were kept
at 0.25, 0.50, 0.75, and 1.00. Cooling was effected by a 50 mm OD x 34 mm
ID x 127 mm long concentric water cooling jacket surrounding the condenser
section. Coolant water was circulated by a 20 W submersible water pump.
Coolant inlet temperature varied between 24-30 °C and flow-rate was kept
between 0.003 — 0.05 kg/s (£ 0.001 kg/s). Heating was provided by nichrome
wire wound round the evaporator section. Power (P) was regulated using an

AC-transformer and varied from 5-405 W (+ 3.5 %). Type T copper-constantan
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thermocouples (+ 0.5 °C) were mechanically attached to the thermosyphon to
measure the temperature at the evaporator (Te;—Tes) and adiabatic (Tagr, Tag2)
wall sections at locations shown in Figure 2.9. Temperature at the end-of-
condenser pipe wall (T,), saturation (Ts), coolant inlet (Twi) and outlet (Two),
ambient (T,) and external insulation surface (Tins1, Tins2) Were logged at 1 min
intervals. Saturation pressure (Psst) was noted before and after each experiment.
Tests were carried out at various thermosyphon inclinations of 23°, 45° 68°,
and 90° to the horizontal. Each series was repeated 3 times in order to ensure
repeatability. The experimental results were found to be reproducible to within

+3°C.
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Figure 2.7 Photograph of experimental set-up
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Inclination angle
from horizontal (8)

d

Figure 2.10 Photograph of thermosyphon at different angles. (a) inclination
angle measured from horizontal (b) 23° from horizontal (c) 45° from horizontal
(d) 68° from horizontal

Table 1 Dimensions of thermosyphons

HP # Do D; L. Lad L. L./D; P/A. ,
(mm) (mm) | (mm) | (mm) | (mm) | AR | (kW/m°)
1 15.8 12.7 127 25.4 127 10 10-30
2 22.2 19.1 127 25.4 127 6.7 5-48
3 28.6 25.4 127 25.4 127 5 4-24
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2.3.2 Experimental procedure

The effect of coolant flow rates were investigated first by varying the
coolant flow rates between 0.003 — 0.05 kg/s (£ 0.001 kg/s). The power was
varied between 5 - 405 W for each coolant flow rate. The fill ratio was kept at
1.0 and inclination angle of 90°. The only fill liquid type used for phase A was

distilled water.

The effect of fill ratio was investigated next. The FR were kept at 0.25,
0.50, 0.75 and 1.0. The coolant flow rate was kept constant at 0.05 kg/s, power

was varied between 5 — 405 W, and inclination angle of 90° for each FR.

The effect of thermosyphon inclination angle was investigated next.
The thermosyphon inclination angle were tested at 23° 45° 68° and 90°. At
each inclination angle the FR were kept at 0.25, 0.50, 0.75 and 1.0. Power was
varied between 5 — 405 W for each setting. The coolant flow rate was kept

constant throughout at 0.05 kg/s.

The effect of aspect ratio were investigated as well. Three different
diameter pipes were selected with a fix length of 305mm. The AR used were
10.0, 6.7 and 5.0 respectively. The FR was fixed at 1.0, the coolant mass

flowrate at 0.05 kg/s and inclination angle of 90°.
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Each run was performed three times for reproducibility and the

summary of experimental runs performed is tabulated in Table 2.

Table 2 Summary of experimental runs conducted for performance of heat

pipes at high temperature, Phase A

m,, Heat flux
Runs | HP# Power (W) 0 | FR )
(ka/s) (W/m")
A/l 0.003
A2 | 2 | 51838, 70,113,210,360 | 0019 | 90 | 1.0 | 660 - 41,400
A3 0.05
Al 0.75
A5 | 2 | 5,18,38,70,113,210,360 | 005 | 90 | 05 | ©60-41400
Al6 0.25
AT 1.0
A8 0.75 | 660 - 41,400
o 2| 518,38,70,113,210,360 | 005 | 68 (¢
A0 0.25
A1 1.0
A2 0.75 | 660 - 41,400
Aia 2 | 518,38,70,113,210,360 | 005 | 45 (¢
Al14 0.25
A5 1.0
A6 0.75 | 660 - 41,400
o 2 | 518,33,70,113,210,360 | 005 | 23 ¢
A/18 0.25
A9 | 1 50, 100, 150 005 | 90 | 1.0 | 9,500 - 29,600
A0 | 3 50, 90, 130, 250 005 | 90 | 1.0 | 4.400- 24,200

2.3.3 Theoretical calculations

The following were the equations used in phase A to evaluate the

thermal performance of a heat pipe along with the heat transfer coefficient. In
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order to compare the performances of various heat pipes, the heat transfer rates
could be plotted against the temperature difference between the evaporator and
condenser sections. This would give an indication of the overall heat pipe
thermal resistance, Ryp. A high Ryp would indicate a poor performing HP and
vice versa. A lower Ryp value indicates a better performing heat pipe as there is
lower resistance towards heat transfer. When there is a lower resistance for

heat transfer, heat is more readily transported from one end to the other.

Power input (P) or heat supplied at the evaporator section ( qyy) was assumed

equal to the heat removed by the cooling water (q¢ ), viz.:

P =dc =dw =mMwCpw(Two —Twi)  [W] Equation 11
The condenser wall surface temperature was calculated from

Tp+Tadl . _
Tec = B — [C] Equation 12

The evaporator wall surface temperature can be obtained from the bulk

temperature, defined as

- ja(:Le Tedx

[C] Equation 13
eb Le

T

or from a simple arithmetic mean
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Tem = el _e2 e ed [ Equation 14

The operating temperature differences between evaporator and condenser

sections could be defined by either the bulk temperature difference

ATh =Tep —Tc [C] Equation 15

or from the mean temperature difference

ATm =Tem—Tc [C] Equation 16

The mean coolant water temperature was calculated from the average inlet and

outlet water temperatures as

Two +Twi
TW=M [C] Equation 17

The evaporator heat transfer coefficient was calculated from

-1
Ta_T In(dg /d:
(Te —Tsat) In(do |)D [W/m2K] Equation 18

h _

The condenser heat transfer coefficient was calculated from
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-1

Teat — T, In(dg/d;

hcond I(Ae{( sat C)— o ')D [W/m?K] Equation 19
P Zﬂkwa" LC

The Reynolds number was calculated from

Re=—— Equation 20

Where Q is the volumetric flowrate, D is the inner pipe diameter, v is the

kinematic viscosity and A is the cross-sectional area of the pipe.

The kinematic viscosity is calculated from
v=H Equation 21
Yo,

Where W is the dynamic viscosity of the fluid (Uwater = 8.94 x10™*kg/m s) and p

is the density of the fluid (pwater = 999.97 kg/m?).

The performance of a thermosyphon could be gauged from the overall

resistance (Ryp), defined by
Ryp = 5 [K/W] Equation 22
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2.3.4 Experimental results

The axial wall temperature distribution for runs A/1 to A/20 are shown

in Figure 2.11 to Figure 2.30.
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Figure 2.22 Axial wall temperature (Run A/12)
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Figure 2.24 Axial wall temperature (Run A/14)
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Figure 2.28 Axial wall temperature (Run A/18)
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The effect of using bulk temperature difference and mean temperature

difference is shown in Figure 2.31. In which power versus temperature

difference is plotted.
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Figure 2.31 Comparison of typical performance based on mean and bulk
temperature difference (Run A/3)

The effect of different mass flow rates on temperature distribution,
power versus temperature difference, and heat pipe resistance is shown in

Figure 2.32 to Figure 2.34 respectively.
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Figure 2.32 Effect of coolant mass flow rate on axial wall temperature
distribution (Runs A/1, A/2 and A/3)
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The effect of fill ratio on the performance of a heat pipe using the

power versus temperature difference method is shown in Figure 2.35 to Figure

2.38.

400
350
300

250

2

=200

&
: 150

& 100

50
0

I I I
| FRO.75 | | o e
P=49AT-119| FR/\S;/{] e
R? = 0.9896 pagmEprotdmmmEy
|- | \,»( AT |
FR10 ,c/ ﬁ;/ FR b?s |
_ P Rf'j: ;991: ® /’; A7 | |P=4.4aT-82
#ra ~ R% = 0.9984
::::t’,‘:. FR 0.5 I -
! :9&"':‘ P =470T -98 -
T / ] R? = 0.9993 .
i st P
0 10 20 30 40 50 60 70 80 90 100 110

Mean temperature difference, AT, (°C)

Figure 2.35 Effect of fill ratio on performance at 90° (Runs A/3 to A/6)

400
350
300

=250

a

200
Q
3 150

a.

100
50

0

—P

| R2=0.9998

FR0.25
= 4.70T - 89

FR 0.5

P = 4.4AT - 65

R%=0.9998

A -
’.
\ L YE . ,
| | | . ./.,.—’ bt |
1 =) =

4P = 4.4AT - 105

|P=4.9AT - 146

FR1.0

R?=0.9998

0

RZ

FRO.75

=0.9997

| |

10 20 30 40 50 60 70 80 90 100 110
Mean temperature difference, AT, (°C)

Figure 2.36 Effect of fill ratio on performance at 67° (Runs A/7 to A/10)



350
300+ | FRO05 | et
) HH m—-— {P=4.74T-73) . daEPrZafs :
__3_,250 T R?=0.9976 | s A =
< . , ICRERD?
=200 ~ | FRO0.25 R e | JRLO
[} ! P M . P =5.2AT - 158
s  p=4sAT-80} | 2 // 0,959
Q10 T mcosee | T A L)
100 —— | FRROIS B
50 - ! .'3’: - P=4.4AT-105
. ':Q’:EI'O’:::‘::: R2=0.9986 [ | |
L e e

0O 10 20 30 40 50 60 70 80 90 100 110
Mean temperature difference, AT, (°C)

Figure 2.37 Effect of fill ratio on performance at 45° (Runs A/11 to A/14)

350 ::f':: H “ ‘:.if:::’i?gﬁp’/ﬂ..
— i FR 0.5 s i

300 + ~|P=4.6AT-64|
I —| R*=0.9963

_ P =4.6AT-76
150 F R? = 0.9986

 P=5.4AT-175|
R?=0.9985 |

3
':_;200 - FRO2S
@
3
o]
a.

FR 0.75 B
P=4.7AT - 125
R?*=0.9988

=1 T T I 1 1 1

0 10 20 30 40 50 60 70 80 90 100 110
Mean temperature difference, AT, (°C)
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The effect of thermosyphon inclination angle on thermosyphon
performance based on the power versus temperature difference method is

shown in Figure 2.39 to Figure 2.42.
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The effect of fill ratio on heat pipe resistance against power input is

shown in Figure 2.43 to Figure 2.46.
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The effect of pipe inclination angle on heat pipe resistance against

power input is shown in Figure 2.47 to Figure 2.50.
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Figure 2.51 shows the effect of various average FR and average pipe

inclination angle on heat pipe resistance against power input. An overall heat

pipe resistance was also plotted in Figure 2.51.
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Figure 2.51 Effect of various FRs and inclinations on performance (Run A/3 to
Run A/18)

The effect of power input on both evaporator and condenser heat

transfer coefficient at various FRs is shown in Figure 2.52 to Figure 2.59.
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The effect of power input on both evaporator and condenser heat

transfer coefficient at various pipe inclination angle is shown in Figure 2.60 to

Figure 2.67.
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Figure 2.60 Effect of evaporator heat transfer coefficient at FR 1.0 (Runs

AJ3 to A/6)
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Figure 2.61 Effect of condenser heat transfer coefficient at FR 1.0 (Runs
A/3 to A/6)
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Figure 2.68 to Figure 2.69 shows the effect of power input on both the
evaporator and condenser heat transfer coefficient. The average FR values at a
fix pipe inclination angle were presented together with an overall average

evaporator and condenser heat transfer coefficient.
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Figure 2.70 shows the heat pipe thermal resistance values at various AR

from phase A as well as results from Nazarul (2014) and Jouhara (2010).
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Figure 2.70 Comparison of R values with others

2.4  Discussion of experimental results

2.4.1 Effect of power input on axial temperature distribution

Typical axial temperature distribution for various power inputs at the high
water coolant flow rate of 0.05 kg/s (run A/3) are shown in Figure 2.13. The
results generally show that the thermosyphon wall temperature distribution
increased with power input. This was expected as higher heat input at the
evaporator section would result in a higher operating temperature. The increase
in evaporator wall temperature was higher than in the adiabatic or condenser
sections. The results also show that at low input power, the evaporator wall
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temperature was quite uniform. At power inputs beyond 18 W, the distribution
tended to be non-uniform. The evaporator wall temperature was observed to
reach a maximum of 35 °C at 5 W and 185 °C at 360 W. Adiabatic wall
temperatures were nearly uniform: about 27 °C at 5 W and 68 °C at 360 W.
The temperature at the top end of the condenser section exhibited slightly
higher temperatures than the adiabatic section, and the coolant water
temperature increased by about 0.5 °C. Mean coolant temperature was lower

than adiabatic or condenser top end temperatures.

2.4.2 Bulk and mean wall temperatures

The average evaporator wall temperature could be obtained from the bulk
wall temperature (Tp) or from the mean wall temperature (Te,) as calculated
from Equation 13 and Equation 14. The results indicate that the calculated bulk
wall temperature could reach about 16 °C higher than the calculated mean
value at 360 W (high power) and by 0.3 °C at 5 W (low power) due to the non-
uniformity of axial temperature distribution. Using these calculated average
values, the corresponding operating temperature differences based on bulk and
mean evaporator wall temperatures calculated from Equation 15 and Equation
16 were utilized in Figure 2.31, which showed a set of typical results for power
vs. the two defined operating temperature differences for run A/1. The results
show that power varied linearly with either AT, or AT, with regression
coefficients greater than 0.99 at the input power above 18 W. Although both
sets of results exhibited a linear relationship, the difference between AT, and
AT, obtained at 360 W was about 14 °C but below 18 W (low power), the
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difference is negligible and a different set of linear relationships were observed.

For simplicity, most investigators used the mean evaporator temperature, Tp,.

The performance of a thermosyphon could be gauged from the overall

resistance (Ryp), defined by

RHP = ) [K/W] Equation 22

Here, different values of Ryp could be obtained depending on the
definition of AT. From Figure 2.31, the reciprocal of the gradients of the P vs
ATq or ATy curves would give the value of Ryp. Here, we obtain values of Ryp
0.23 with AT, and 0.27 with ATy This difference is quite substantial
considering that the thermocouple is capable of measuring temperature
differences within + 1 °C and the actual temperature difference between
evaporator and condenser ranged from 30-90 °C. However, the mean
temperature relationship is employed henceforth when comparing the
performance of the thermosyphons as previously described by other
investigators. In order to compare the performances of various heat pipes, the
heat transfer rates could be plotted against the temperature difference between
the evaporator and condenser sections. This would give an indication of the
Ryp of the pipe. A high Ryp would indicate a poor performing HP and vice
versa. A lower Ryp value indicates a better performing heat pipe as there is
lower resistance towards heat transfer. When there is a lower resistance for
heat transfer, heat is more readily transported from one end to the other.
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2.4.3 Effect of condenser cooling rate

Condenser cooling water inlet temperature was not controlled. It varied
between 27-30 °C (x 1 °C). Experiments were performed to determine the
effect of condenser cooling rate with various water circulation rates of 0.003,
0.019 and 0.05 kg/s. The axial temperature distribution results for run A/l to
A/3 are plotted in Figure 2.32 for the low power input of 18 W and high power
of 360 W. The results show that temperature distribution increases with
increasing power and with decreasing mass flow-rates. High power input raises
the thermosyphon temperature throughout. Low coolant flow rates result in less
cooling due to higher condenser temperatures. The Reynolds number for the
coolant water flow ranged from 28-1400 indicating that the flow regime is
laminar in the concentric tube water jacket. With the short condenser length, it
is also expected to be in the developing flow region. The difference between
coolant water inlet and outlet temperature varied from 27 °C at high power and
low flowrate to about 0.5 °C at low power and high flowrate. For the
subsequent series, high flow rate at 0.05 kg/s was employed for a more uniform
condenser section temperature. However, at this high flow rate, it was not
possible to evaluate the heat transfer at the condenser section accurately. Hence
heat transfer at the evaporator section of the thermosyphon was assumed to be

equal to the electrical power input.

The effects of mass flow rates for runs A/1-A/3 are shown in Figure 2.33.
The results show that generally, input power (P) or heat transfer from the

thermosyphon varies linearly with mean operating temperature difference
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(ATy). Both low and high flow rates are seen to perform similarly and better
compared to medium flow rate. As mentioned above, when different flow rates
were applied the evaporator operating temperature and condenser temperature
will change accordingly. When high flowrate was applied, the evaporator
operating temperature was reduced, together with a reduction in condenser
temperature. When low flowrate was applied the evaporator and condenser
temperature will increase. It follows that when a medium flow rate is applied,
the evaporator and condenser temperature should fall to a region between the
low and high flowrate temperature profile. However, the drop in temperature in
the condenser section was higher than the drop in temperature in the evaporator
section as seen in Figure 2.32. The difference in mean temperature in Figure
2.33 could also be due to the inaccuracy of the thermocouple probe, which
experimental repeatability was within + 3 °C, coupled with the accuracy of the
probe of +1 °C, the plots in Figure 2.33 could actually be overlapping each

other.

In Figure 2.34 the heat pipe thermal resistance, Ryp, was plotted to evaluate
the effect of mass flowrate of water. There was little difference between the
three flowrates in terms of Ryp which decreased from 1.8 to 0.2 °C/W over
power input 5-360 W. A power thermal resistance-power curve was obtained,
Rup = 4.6P%° with a regression value of R? = 0.9451. There was some
difference initially at 5 W and 18 W, due to the sensitivity of the equation used
in Equation 21, in which a small temperature difference over a small value of

power input could result in a large thermal resistance value.
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2.4.4 Effect of fill ratio

The effects of FR at various inclinations (90°, 67°, 45°, and 22.5°) for runs
A/3-A/18 are shown in Figure 2.35 to Figure 2.38 and Figure 2.43 to Figure
2.46 respectively. The results show that generally, input power (P) or heat
transfer from the thermosyphon varies linearly with mean operating
temperature difference (ATn). Two distinct operating regions are observed, viz.,
low power region 0-40 W and high power region above 40 W. The different
operating regions were attributed to the effect of pure axial heat conduction
directly along the thermosyphon wall from the evaporator to the condenser
section. This conduction effect was greater at lower power input. At high
power input, the performance was nearly linear with regression coefficients
greater than 0.99. The present investigation focuses on high operating power or
high evaporator wall temperature. At high power, the results of Figure 2.35
show that at 90° inclination, the thermosyphon with FR = 1.00 out-performed
the others. The results of Figure 2.36 to Figure 2.38 show that at low

inclinations, the lesser filled thermosyphons performed better.

When using the thermal resistance method to evaluate the effect of fill ratio
from Figure 2.43 to Figure 2.46, there were very small variations from FR =1.0
to FR = 0.25. The Ryp decreased from 2.0 to 0.25 °C/W across run A/3-A/6.
There was no distinct FR that performed the best; all FR performed similarly

when evaluated with the thermal resistance method.
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2.4.5 Effect of inclination.

The effects of inclination at various FRs (1.00, 0.75, 0.5, and 0.25) for runs
A/3-A/18 are shown in Figure 2.39 to Figure 2.42 and Figure 2.47 to Figure
2.50. The results of Figure 2.39 and Figure 2.40 show that with FR = 1.00 and
0.75, the vertical thermosyphon out-performed the others. The vertical heat
pipe was shown to have the lowest value of RHP. This indicates that it has the
best performance. The reason why the vertical thermosyphon performs better
than the other is due to the operation of the thermosyphon. In the vertical
orientation as vapour rises, condensate returns as liquid film at the inner pipe
wall with gravity assistance this improves the rate of return of condensate. At
an angle (i.e 23° from the horizontal) the condensate travels back at only one
side of the wall and gravity does not function as well as in the vertical
orientation, due to the slower rate of return of the condensate, the performance
of the heat pipe decreases rendering the vertical orientation to be the best
performing orientation. Figure 2.41 and Figure 2.42 show that at FR = 0.50 and
0.25, the vertical thermosyphon did not perform as well as the others. Using the
thermal resistance method to evaluate the effect of inclination from Figure 2.47
to Figure 2.50, similarly in section 2.4.4, the difference obtained in thermal
resistance values were small and there was no distinct inclination that
performed the best. The thermal resistance decreased from 2.0 to 0.25 °C/W as

power increased from 5 W to 360 W.

Considering Ryp, the inclination and FR indicated that there was no real

change in thermal resistance value as observed in Figure 2.51, in which the
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thermal resistance of various FR and inclination was plotted against input
power. Thermal resistance decreased from 1.5-0.25 °C/W as power increased
from 5-360 W. An average Ryp = 3.9P*° with a regression value of R? = 0.956

was obtained when cross plotting for run A/3-A/18.

2.4.6 Evaporator and condenser heat transfer coefficients.

Evaporator and condenser heat transfer coefficients calculated from
Equation 18 and Equation 19 were plotted against power in Figure 2.52 to
Figure 2.65 and the overall heat transfer coefficients in Figure 2.68 and Figure
2.69 respectively, for runs A/3-A/18. The results show that evaporator and

condenser heat transfer coefficients increased with input power.

The effects of FR at various inclinations (90°, 67°, 45° and 22.5°) on heat
transfer coefficients, he and h, for runs A/3-A/18 are shown in Figure 2.52 to
Figure 2.57, respectively. The results show that input power (P), or heat
transfer from the thermosyphon, has a quadratic relationship with he and h,. At
high power input, the he curve reached a maximum value of about 600 W/K m?
with regression coefficients about 0.98 in Figure 2.52, Figure 2.54, Figure 2.56
and Figure 2.56. At high power input, the h. curve was still increasing at
around 8000 W/K m? with regression coefficients of about 0.99 in Figure 2.53,
Figure 2.55, Figure 2.55 and Figure 2.57. At this high power, the results of
Figure 2.52 showed that at 90° inclination, the thermosyphon with FR = 1.00

had the highest value of h, and h.. Figure 2.54 to Figure 2.57 show that at low
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inclinations, the lesser filled thermosyphons produced higher values of he and

he.

The effect of inclination at various FRs (1.00, 0.75, 0.5 and 0.25) on he and
he for run A/3-A/18 are shown in Figure 2.60 to Figure 2.65. Figure 2.60 to
Figure 2.63 showed that at FR = 1.00 and 0.75, the vertical thermosyphon
produced a higher heand h; value. Figure 2.62 to Figure 2.65 showed that at FR

= 0.50 and 0.25, the vertical thermosyphon produced lower he and h. values.

When considering heavg, the inclination and FR indicated that there was no
real change in he value as shown in Figure 2.68, in which the he of various FR
and inclination was plotted against input power. The he increased from 80-500
W/K m? as power increased from 5-360 W. The heayg = -0.004P? + 2.5P +73
with a regression value of R? = 0.9986 was obtained when cross plotted for run
A/3-A/18. Large inclination angles (90° and 68°) produced slightly higher
values of h and the smaller inclination angles (45° and 23°) produced a lower
he value. This shows that the higher inclinations are preferred for better

performance.

Considering the hcayg, the inclination and FR indicated that there was some
variation in h, value as shown in Figure 2.69 where the h. of various FR and
inclination was plotted against input power. The h. increased from 200-7000

W/K m? (+ 1000 W/K m? at high power) as power increased from 5-360 W.
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The he.avg = 0.0001P? + 17.3P +645 with a regression value of R* = 0.9986 was

obtained when cross plotted for run A/3-A/18.

2.4.7 Effect of aspect ratio (AR).

Three different thermosyphons with different ARs were tested. The AR
effect was shown in Figure 2.70 for run A/3, A/19 and A/20. The results
showed that thermosyphon HP#1 with AR = 10 performed better with a 25%
drop in Ryp than ARs equal to 6.7 and 5 based on Figure 2.70 at 100W. The
dimensions of thermosyphons used by other researchers are summarized in
Table 1. A comparison of literature results with the present experiment in
Figure 2.70 showed that at a certain fixed power input, the thermal resistance
decreased with increasing AR. The results obtained from runs A/3, A/19 and
AJ20 agree well with other researchers (Jouhara 2010 and Noie 2005), and
indicated that the thermal resistance of a heat pipe reduced from 0.8 °C/W to

0.1 °C/W as power input increased from 10-815 W.

2.5 Chapter conclusion

The thermal performance of three water-filled thermosyphons subjected
to evaporator wall temperatures between 30-150 °C were investigated. The
effect of condenser cooling rates together with various fill ratios, pipe
inclinations and aspect ratios were considered. The following conclusions were

drawn:
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o High power input results in higher thermosyphon wall

temperatures.
o High condenser cooling rate results in lower thermosyphon wall
temperatures.
o Axial temperature distribution was uniform at low power input (< 18

W) and non-uniform at high power input (> 18 W).

o Differences in evaporator wall temperatures based on bulk and mean
definitions could be as much as 14 °C.

o There are two distinct operating regions observed at around 40 W.

o The best performing thermosyphon was found to be at a fill ratio of 1.0
and at a 90° inclination.

o A high aspect ratio thermosyphon of 10 is preferred.
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CHAPTER 3

PHASE B: METHOD FOR COMPARATIVE PERFORMANCE

In this chapter, a brief review on thermosyphons types and
thermosyphon performance testing methods are presented. The procedure for
phase B is described. A novel method to determine the performance of a heat
pipe is proposed and presented. The results are compared to literature and
existing experimental results as well as the theoretical model results. Part of
this chapter has been published on frontiers of heat pipe, FHP, and has been
included in the list of references. The abstract for the journal has been included

in Appendix B.

The objective of phase B is to propose a method to obtain comparative

performance test data of various HPs rapidly and economically.

3.1 Literature survey

3.1.1 Testing methods and performance evaluation methods

The performance of a HP could be evaluated by determining the
amount of heat input at the evaporator section or by measuring the heat
transferred at the condenser section to the coolant. At steady state, these two
heat transfer rates should be equal if there is no heat loss from the pipe. In

order to compare the performances of various heat pipes, the heat transfer rates
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could be plotted against the temperature difference between the evaporator and
condenser sections. This would give an indication of the thermal resistance of
the pipe. A high thermal resistance would indicate a poor performing HP and

vice versa.

Ong et al. (2014) investigated the performance of water and R410a
filled thermosyphons at various power inputs (100 to 830 W), fill ratios (0.25
to 0.93) and inclinations (30° to 90°). The authors used a 38 mm OD x 807 mm
long thermosyphon with a 71 mm OD cooling water jacket and electrical
heating bands to supply heat to the evaporator section. By plotting input power
against temperature difference between evaporator and condenser sections, the
R410a filled thermosyphon was found to perform better in the vertical position
at all FR’s and the water filled thermosyphon performed better at low FR and
when inclined. The evaporator wall temperature was shown to be non-uniform,

especially at high power inputs, low fill ratios, and large inclinations.

Shanthi and Velraj (2014) experimented with a two-phase gravity-
assisted thermosyphon. The authors used a 12.5 mm ID x 300 mm long
thermosyphon with a 200 mm long cooling water jacket and a 1000 W
nichrome heating wire wound around the 75 mm long evaporator section. They
measured the performance of their thermosyphon by plotting efficiency defined
as ratio of power output over power input, and versus power input, obtaining

values as high as 0.9.
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Anjakar and Yarasu (2012) determined the effect of condenser length
on the performance of a thermosyphon by using a 32 mm OD x 1000 mm long
thermosyphon with a 450 mm long water cooled jacket and a 300 mm long
nichrome heating element at the evaporator section. The authors determined
efficiency as the ratio of heat conducted by the coolant water at the condenser
section to the power input at the evaporator section and found values of 0.5 to

0.95. In theory the ratio should be equal to 1.0.

Buschmann and Franzke (2013) compared the performance of
thermosyphons filled with deionised water (DI) and titanium oxide-based DI
water and gold nanofluid. They showed that nanofluids reduced thermal
resistance up to 24 %. They also noted that nanoparticles depositing on the
evaporator wall after prolonged heating operations resulted in an absence of
nanoparticles being transported to the condenser section that eventually
reduced the thermal transport capacity of the nanofluid and increased the

overall thermal resistance.

Huminic et al. (2011) experimented with thermosyphons filled with
iron oxide nanoparticles and found that a concentration level of 5.3 %
improved the thermal performance of their HP. Solomon et al. (2012)
determined the thermal performance of a heat pipe using a nanoparticle-coated
wick. They found that thermal resistance reduced from 0.32 to 0.11 °C/W when

subjected to power input ranging from 100 to 200 W.
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Qu and Wang (2013) showed that a thermosyphon with an FR of 40 to
50 % resulted in faster response times and lowest overall thermal resistance.
Shabgard et al. (2014) studied the thermal characteristics of HPs with different
FRs. They showed that when the HP is under-filled, dry out occurs; and that
overfilling causes the overall thermal resistance to increase. The authors
suggested that HPs should be filled slightly more than the optimal FR to

prevent the breakdown of liquid film.

Qu and Wang (2013) showed that high heat flux results in lower
thermal resistance of the evaporator section. Wang (2009) investigated the
transient thermal performance of a bent HP with internal grooved surface and
showed that straight pipes responded faster to high heat flux compared to bent
shape HPs. They also found that heat pipes have response times varying from

50 to 180 s depending on the pipe angle (0 to 140°).

HPs behave differently when inclined at different angles. Wang (2009)
noted that with the increase in inclination, the temperature difference between

the evaporator and condenser section increased.

Huminic and Huminic (2011) investigated the heat transfer
characteristics of two-phase closed thermosyphons using nanofluids. The
authors plotted thermal resistance versus inclination angle to determine the
performance of their HP. They found that water has the highest thermal

resistance of 0.05 K/W compared to iron oxide nanoparticles.
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In their investigation using heat pipes to enhance heat transfer during
the charging and discharging rates of hydrogen in metal hydride tanks, Chung
et al. (2013) found that the thermal resistance of their heat pipe ranged from 1.6

to 0.6 K/W at power inputs from 20 to 80 W.

Celata et al. (2010) investigated water filled stainless steel flat
evaporators for space application. The authors plotted thermal resistance versus
power input and found that the overall thermal resistance decreased from 50.7

to 3.3 °C/W when power input increased from 20 to 80 W.

Chang et al. (2012) investigated the thermal performance of two-phase
water-filled closed-loop thermosyphons and plotted thermal resistance versus
power input. They found that thermal resistance decreased from 0.30 to 0.05

K/W as the power input increased from 90 to 210 W.

Solomon et al. (2013) determined the thermal performance of anodized
two-phase closed thermosyphon by using a 16.5 mm ID x 350 mm long
thermosyphon with a 150 mm long water cooled jacket and a 100 mm long
resistance heater (1000 W) at the evaporator section. The authors plotted the
thermal resistance versus power input and found that resistance reduced from

0.4 to 0.2 °C/W as power input increased from 50 to 250 W.
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3.2 Theoretical calculations

The following are the equations used in phase B for rapid evaluation of

the performance of various heat pipes.

The total heat removed from the container, qb, can be calculated from the

transient bath temperature versus time results, viz.,

dT,

qb :Wbc o d—g [W] Equation 23

In the case of a thermosyphon provided with a concentric pipe water cooling

jacket, heat transfer from the condenser section, qW, of the thermosyphon to the

cooling water is given by

Ay = MwC pw (Two —Tyyi) [W] Equation 24

The natural convection heat loss, qin s from the container to the ambient can

be estimated from

Gins = haAjns (Tins —Ta) [W] Equation 25
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The total heat removed from the container was the sum of the heat transfer to

the coolant plus the natural convection heat loss, viz.,

dy =Adw +dins  [W] Equation 26

A cooling index, vy, is introduced here, defined as the ratio of heat transfer to

the coolant/total heat removed from the container, viz.,

q .

V= —W Equation 27
b

or

V= q—W Equation 28
Qw + qins

In the absence of heat loss to the ambient, y = 1.00.

The mean operating temperature difference between bath and coolant water is

defined as

ATy = (T, —Tw) [C] Equation 29

where, Ty is the mean bath temperature and T,, was the mean coolant water

temperature defined by.
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Tw = Two + Twi

> [C] Equation 30

3.3 Experimental investigation

3.3.1 Experimental apparatus

The experimental set up is shown in Figure 3.1. The equipment
consisted of a 3.2 litre capacity hot water container (x 0.001 litre). All
temperatures were measured using type T copper-constantan thermocouples (£
0.5 °C) connected to a data logger and were logged every minute. Water
temperature in the container was measured using two thermocouples immersed
in the upper (280 mm from the base) and lower portions (90 mm from the base)
of the container. Temperature differences of less than 3 °C were obtained.
Mean container water temperature was taken as the arithmetic mean of the two
positions. Two more thermocouples were attached to the outside of the
insulated container to determine the external surface temperature of the
container in order to calculate the natural convection heat loss from the
external surface of the free-standing container. These thermocouples were
insulated from the atmosphere using duct tape. Ambient temperature was
measured with another thermocouple located nearby. Cross-pieces were
attached to the top of each thermosyphon, holding a pressure gauge to measure
the saturation pressure, a thermocouple to measure the saturation temperature,
and a filling valve. Inlet and outlet water temperatures were measured with

thermocouples inserted inside the connecting plastic hoses of the cooling jacket.
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Experiments were conducted at two water flow rates, viz.: at 0.9 and 50.0 ml/s

(= 1 mi/s).

In order to demonstrate the effectiveness of the method, five copper
thermosyphons were fabricated. The thermosyphon dimensions are shown in
Table 3 together with the summary of experiments conducted. Details of the
thermosyphon are shown in Figure 3.1 and Figure 3.3. The first unit (HP # 1)
was a water cooled type. The condenser section consisted of a 38 mm diameter
x 127 mm long copper water cooled jacket. The second unit (HP # 2) was an
air cooled type with a stainless steel spiral fin measuring 30 mm diameter x 0.5
mm thick stainless steel fins spaced 5 mm apart. The air cooled units (HP# 3, 4,
5) were provided with parallel aluminum fins each 0.5 mm thick x 22.5 mm
square x 2 mm pitch at the condenser section respectively. Thermocouples
were mechanically attached to the adiabatic and condenser sections of the
thermosyphons are shown in Figure 3.3. Forced air circulation rate was
provided with an electric fan. Air flow was measured with a hot wire

anemometer (x 0.1 m/s). For natural convection, the fan was switched off.
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Figure 3.1 Schematic of experimental set up

1) Data Logger

2) Thermosyphon

3) Water Tank (Condenser)

4) Hot Water Bath (Evaporator)

Figure 3.2 Photograph of experimental set up
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Figure 3.3 Details of thermosyphon
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(a) Water cooled (b) Air cooled
thermosyphon (HP1) thermosyphon (HP 2&3)

(c) J-shape air cooled (d) L-shape air cooled
thermosyphon (HP4) thermosyphon (HPS)

Figure 3.4 Photograph of thermosyphon
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3.3.2 Experimental procedure

Altogether, eight experimental runs were conducted. The experimental
procedure involved heating up the insulated container of water to a temperature
of 100 °C and then allowing it to cool down. The water temperature was
measured throughout the cooling process. Experiments were repeated by
inserting and immersing the various thermosyphons into the container and
measuring the temperature of the hot water as it cooled to 50 °C before each
test. Tests were conducted with varying water flow rates, under natural or
forced-air circulation. Each experimental run was repeated three times and the
average results were calculated and plotted. Details of the test conditions under

which the experiments were carried out are tabulated in Table 3.

The proposed method involves, firstly, determining the transient
temperature of an insulated container containing pre-heated hot water. Next,
the thermosyphon under investigation was inserted into the container and the
temperature recorded. Heat was removed from the container by the
thermosyphon throughout the cooling process and also through natural

convection heat loss from the side walls of the container.
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3.3.3 Experimental results

Figure 3.5 to Figure 3.12 shows the transient temperature response for

run B/1 to B/S.
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Figure 3.5 Transient temperatures for Run B/1 (no thermosyphon)
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Figure 3.6 Transient temperatures for Run B/2 (water cooled at 0.9ml/s)
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Figure 3.7 Transient temperatures for Run B/3 (water cooled at 50ml/s)
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Figure 3.9 Transient temperatures for Run B/5 (air cooled at 2m/s)
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Figure 3.10 Transient temperatures for Run B/6 (air cooled at 2m/s)
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Figure 3.11 Transient temperatures for Run B/7 (air cooled at 2m/s)
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Figure 3.12 Transient temperatures for Run B/8 (air cooled at 2m/s)

Figure 3.13 shows the typical cooling heat rates for run B/2 and its

corresponding y values.
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Figure 3.13 Typical cooling heat rates for run B/2

Figure 3.14 to Figure 3.15 compares the performance of various heat

pipes using the transient method and the cooling heat rate method.
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Figure 3.14 Comparison of transient water temperatures for all runs

95



250

Run B/2 1
q = 4E-0607 - 0.04528 + 171
— R? = 0.9896
5 200 ;‘ Run B/6
e /1 || = 26-06%? - 0.03736 + 186
© L m=100
} - » . VI ] ]
[ | Run B/3
« 150 =
2 — — | |q',=4E-066%- 0.05116 + 200|| _ R'-'Z" B/8
& R? = 0.9854 g’ = 1E-06x2 - 0.020 + 152
= N: R? = 1.00
Lo T T
§ 100 SN mmerr ||
b} .
< O™ w\x\ e 4 »= 1E-0662 - 0.020 + 148
0o Run B/S \‘;\\‘ / R? = 1.00
c q,=-1E-0862-0,0020+49| | ™ — e — :
H— R? = 1.00 L ~ T - e — |
8 50 ‘ : e \_{: —x
8N e g
Run B/4 / T — i T
1= -0E-0862-0.00040 + 39} | T T —_ . |
R?=1.00
0 T T
0 1 2 3 4 5 6 7 8

Time, 0 (seconds) x10°

Figure 3.15 Comparison of cooling heat transfer rates with various
thermosyphons (Runs B/2-B/8)

Figure 3.16 shows the heat removed from the bath (run B/3) compared

to run A/20 and a simulated run based on the same parameters as run B/3 and

A/20.
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Figure 3.16 Heat removed from bath and input power to thermosyphon
vs operating temperature difference (Run A/20 and Run B/3)
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3.4 Discussion of experimental results

3.4.1 Transient temperature

A typical set of transient temperature results obtained in Run B/2 with a
minimum coolant flow rate of 0.9 ml/s is shown in Figure 3.6. Mean water
container (Ty,), coolant water inlet (Ty;), coolant water outlet (Tyo), mean
insulation (Tins), and ambient temperatures were plotted. The results show that
it took more than 3 hours for the water to be cooled down from 100 °C to 50 °C
with the HP1 type thermosyphon. The experiment was stopped after 3.33 hours.
A quadratic temperature-time relationship (T, = 0.0013 6% — 0.47 6 + 95) was
calculated for the mean container temperature with a regression coefficient of
0.9866. The coolant water outlet temperature dropped from 72 °C initially to 30
°C after 3.33 hours. The temperature difference between inlet and outlet of the
coolant water was about 44 °C initially and about 5 °C after 2 hours of cooling
indicating that not much cooling could be performed when the container

temperature dropped to about 50 °C and below.

3.4.2 Heat transfer cooling rates

Typical heat transfer cooling rates in Run B/2 are plotted up to 2 hours of

operation in Figure 3.13. The heat removed from the container ({}), heat
transfer rate to the coolant water (4,,), and the natural convection heat 10ss (({ins)

are plotted together with the cooling index (y ). The results show that the
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cooling rate of the thermosyphon decreased with time or as the container cools,

which is to be expected. The heat loss from the container ({ins) was small. At
the start of the experiment, (i was 3 W and h, = 1.5 W/m?K. Towards the end
of the experiment, (ins = 2 W and h, = 1.5 W/m?K. y varied between 1.00 and

0.98. When h, = 2.0 W/m?K, y varied between 0.98 and 0.93. The variation in
the y factor was attributed to the value of h, assumed to calculate ambient heat

loss.

3.4.3 Comparative performance of thermosyphons

The performance of the thermosyphons could be compared using the
transient container temperature results plotted in Figure 3.14. The rate at which
container temperature decreases is a measure of the cooling efficiency of the
thermosyphon. The result of natural cooling without immersion of the
thermosyphon in the container (Run B/1) is shown as a base for comparison,
showing the slowest cooling rate. All the results show that systems with the
thermosyphons increased the cooling rate (Run B/2 to B/9). For natural cooling
(Run B/1), it took nearly 2 hours to cool the water from 100 °C to 88 °C. With
the HP1 type water-cooled thermosyphon (Run B/2), and a low coolant flow
rate of 0.9 ml/s, 100 °C water was cooled to 60 °C in 2 hours. The same
thermosyphon performed better at high coolant flow rate (Run B/3) than at low
flow rate (Run B/2), as was expected. The results also show that forced
convection air cooling (Run B/5) was better than natural convection air cooling

(Run B/4) for the HP2 type thermosyphon, as predicted. From the results, it
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would seem that the L-shaped type HP5 thermosyphon (Run B/8) performed
better than the straight pipe of type HP3 (Run B/6) followed by the J-shape
type HP4 (Run B/7) unit. For the air cooled HP2 & HP3 type pipes, Run 6 with
the longer condenser length performed better than the shorter one in Run B/5.
It should be pointed out here that the thermosyphons are of different sizes and
the length of the evaporator sections that were immersed in the hot water
varied from pipe to pipe as indicated in Table 3. Hence, in order to determine
which geometrical pipe performs better, it would be necessary to build and

compare pipes with equivalent sizes.

3.4.4 Effect of coolant water flow rate and natural and forced convection
air cooling

The effect of coolant water flow rate, and natural and forced convection air
cooling in Runs B/2 to B/5 are demonstrated in Figure 3.15. Better
performance resulted in lower container temperature as seen in Figure 3.14 or
greater heat removal rate from the container. The heat transfer rate results in
Figure 3.15 show that thermosyphons with higher coolant flow rate (Run B/3)
performed better than at low flow rates (Run B/2). In the case of air cooling,
thermosyphons with forced convection air flow (Run B/6 > Run B/7 > Run

B/8 > Run B/5) performed better than natural convection (Run B/4).
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3.4.5 Comparison between performance testing methods and simulation

The comparison between the novel method and a traditional method
(experimental methods carried out in phase A) as well as a simulated run are
demonstrated in Figure 3.16. The simulation results shows a similar trend to
Run A/20. Run A/20 and Run B/3 are in agreement which shows that the novel

method and traditional method are comparable.

The simulation run was modeled after the same parameters as Run A/20
and Run B/3 where the dimension of the heat pipe used in Run A/20 and Run
B/3 was fed into the thermal network model described in Section 2.2. The heat
transfer coefficients were derived from the experiments in phase A. From the
simulation the interface temperatures were simulated and the temperature
difference and the power was obtained from this model and plotted in Figure

3.16. The results can be seen in Appendix B.

3.5 Chapter conclusion

In phase B, a method to compare the performance of various
thermosyphons rapidly and economically was proposed. The ease and
simplicity of the procedure was demonstrated by cooling a container of hot
water using various thermosyphons. From the results obtained it was found that
forced air convection cooling was better than natural convection, and that high

water flow rate was better than low flow rate.

100



CHAPTER 4

PHASE C: DEVELOPMENT AND TESTING OF THERMOSYPHON
HEAT PIPE HEAT EXCHANGER (THPHE) COOLER TO REPLACE A
COOLING TOWER

In chapter 4, a brief review on heat exchangers designs, thermosyphon
heat pipe heat exchangers and work done on heat exchanger systems are
introduced. The procedure and fabrication of the THPHE cooler details are
described in chapter 4. The performance of the thermosyphon heat pipe heat
exchanger, THPHE, cooler using water and R410a are presented and discussed.
The results obtained from phase C experimentally are compared against the

results from the theoretical model are presented and discussed as well.

The objective of phase C, to fabricate and test a modular THPHE cooler
to replace a conventional cooling tower for the cooling of molds and dies in the

foundry industry.

4.1 Literature survey

4.2 Heat Pipe Heat Exchangers (HPHE)

Jouhara et al. (2015) conducted an experimental and numerical
investigation of an air-to-water heat pipe-based heat exchanger. The authors
used a water-filled HPHE system. The system comprised two rows of heat

pipes with three heat pipes in each row. The heat pipes measured 28 mm OD x
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2000 mm long, all six of the heat pipes were identical. A 30 kW heater and a
centrifugal fan supplied hot air (0.05-0.14 kg/s) to the evaporator section
between 100-250 °C and a cold water circuit was used to cool down the
condenser. The pressure and temperature was controlled by a constant water
head on the water tank and a small cooler inside the tank; water was supplied at
0.08 kg/s and temperature was kept at about 14 °C. This HPHE system has a
high heat transfer rate of 6000 W (highest) at 250 °C and 1000 W at 100 °C at
the evaporator respectively. The author mentions that the effectiveness of this

HPHE was 13-28 % over a varying air mass flow rate and power setting.
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TEO
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Figure 4.1 Schematic drawing of the heat exchanger: WT - water tank,
WP - water pump, FM - flow meter, TCI - thermocouple condenser inlet,
TCO - thermocouple condenser (Jouhara et al. 2015)

Longo et al. (2014) conducted an experimental and theoretical analysis
of a heat pipe heat exchanger operating with a refrigerant with low global
warming potential. Longo designed an air-to-air HPHE system for a heating,
ventilating, and air conditioning (HVAC) system using HFC134a and
HFO1234ZE(E) as fill liquid. The authors’ HPHE system consist of 54

horizontal copper heat pipes measuring 12.7 mm, micro-fin copper tubes 700
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mm in length, and aluminium continuous fins 0.115 mm in thickness with 3
mm of fin spacing. Its evaporator, condenser, and adiabatic length are 270 mm,
270 mm, and 160 mm, respectively. The evaporator temperature was kept at 25
°C for summer and 20 °C for winter, whereas the condenser was kept between
35-40 °C during summer and 7-10 °C during winter. The authors mention that
the effectiveness of this system was 30-55 % and was able to transfer up to
1500 W. This HPHE system agrees with the findings of Ong and Haider (2003),
that heat pipes are able to function at low temperature difference between the

condenser and evaporator section, at about 5 °C.

Yang et al. (2003) studied waste heat recovery using heat pipe heat
exchangers for heating automobiles using exhaust gas. The author used steel
heat pipes with water as the fill liquid. This system consisted of 50 tubes
measuring 20 mm OD x 310 mm. The length of the evaporator, condenser, and
adiabatic were 150 mm, 150 mm, and 5 mm, respectively. The heat source
used was from a bus exhaust and the condenser section was the ambient air
within the bus carriage. The authors mention that this system was able to

transfer 1000-7000 W over a temperature range of 50-350 °C.

Geld et al. (2007) experimented on air heat exchangers with long heat
pipes. This system consists of 54 heat pipes distributed into 4 rows with a 14-
13-14-13 formation. The author used R134a as the fill liquid at FRs of 0.19 and
0.59. The heat pipes measured 16 mm OD x 1500 mm. The condenser section
was effected by a variable speed fan between 0.4-2.0 kg/s. The evaporator and

condenser temperature range was between 40-70 °C and 20-50 °C respectively.
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The system was able to extract up to 20kW and the effectiveness was rated at

90 %.

Noie (2006) investigated the thermal performance of an air-to-air
thermosyphon heat exchanger using the e-NTU method. Noie used water as the
fill liquid at FR = 0.6. This system consisted of 90 copper tubes measuring 15
mm OD x 1300 mm. There are 6 rows in this system; 15 tubes in each row.
The aluminium fins attached to the evaporator and condenser sections were 0.4
mm thick with 300 fins per meter. The evaporator, condenser, and adiabatic
length were 600 mm, 600 mm, and 100 mm respectively. The evaporator was
supplied with hot air (110-260 °C) by means of a variable speed centrifugal fan
and a 72 kW heating element. The condenser section was cooled down with
ambient air by means of a centrifugal fan at speeds between 2.5-5.34 m/s. The

author mentions the effectiveness of this system was 60 %.

4.3 Theoretical calculations

The following are the equations used in phase C for evaluating the
thermal performance of a modular THPHE cooler as a cooling tower
replacement. Equation 22 to Equation 27 are common equations in phase B and
C, as both phases share the same method of determining the performance of
their respective systems. The difference between phase B and C are the

equations used to determine the performance at the condenser.
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The mean operating temperature difference between bath and the condenser

section was defined as

ATh—air,mean = (Tb —Tair,mean) [C] Equation 31

where, Ty is the mean bath temperature and T mean 1S the mean condenser

temperature defined by:

Tair,in + Tair,out

5 [C] Equation 32

Tair,mean =

4.4 Experimental investigation

4.4.1 Experimental apparatus

The experimental set up is shown in Figure 4.2. The equipment
consisted of a 26 litre capacity hot water container (£ 0.001 litre). All
temperatures were measured using type T copper-constantan thermocouples (+
0.5 °C) connected to a data logger and were logged every minute. Water
temperature in the container was measured using three thermocouples
immersed in the upper, middle, and lower portions of the container.
Temperature differences of less than 3 °C were obtained. Mean container water
temperature was taken as the arithmetic mean of the three positions. Four more
thermocouples were attached to the outside of the insulated container to

determine the external surface temperature of the container in order to calculate
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the natural convection heat loss from the external surface of the free-standing
container. These thermocouples were insulated from the atmosphere using duct
tape. Ambient temperature was measured with another thermocouple located
nearby. Cross-pieces were attached to the middle of each thermosyphon,
holding a pressure gauge to measure the saturation pressure and a filling valve.
Inlet and outlet air temperatures were measured with thermocouples inserted
inside the inlet and outlet of the duct of the condenser section. Experiments

were conducted at one air flow rate, viz., at 0.6 m/s (£ 0.1 m/s).

Dimensions of the thermosyphon are shown in Figure 4.5 and Figure 4.6.
The condenser section consisted of a 10 mm OD x 352 mm long copper air
cooled parallel fins (500 fins per meter). The evaporator section consisted of a
10 mm OD x 152 mm long copper with parallel aluminium fins (500 fins per
meter) submerged in a hot water bath. The location of thermocouples are
shown in Figure 4.4. Forced air circulation rate was provided with an electric

fan. Air flow was measured with a hot wire anemometer (+ 0.1 m/s).
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Figure 4.2 Experimental set up for THPHE

1) Fan

2) THPHE Cooler System
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Figure 4.3 Photograph of set up for THPHE
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Figure 4.4 Isometric sketch with thermocouple locations
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4.4.2 Experimental procedure

Altogether, nine experimental runs were conducted. The experimental
procedure involved heating up the insulated container of water to a temperature
of 80 °C and then allowing it to cool down. The water temperature was
measured throughout the cooling process. Experiments were repeated by
varying the amount of FR and type of FR in the thermosyphons to be tested
into the container and measuring the temperature of the hot water as it cooled
for two hours. Each experimental run was repeated three times and the average
results were obtained and plotted; each individual repeated run is defined as,
viz.. C/1a, C/1b, C/1c respectively. Details of the test conditions under which

the experiments were carried out are tabulated in Table 4.

Table 4 Experimental runs conducted for THPHE cooler, Phase C

Run Fill Liquid FR U, (M/s)
C/1 - - -
C/2 R410a 1.0 0.6
C/3 R410a 0.75 0.6
Cl4 R410a 0.5 0.6
C/5 R410a 0.25 0.6
Cl6 Distilled Water 1.0 0.6
CI7 Distilled Water 0.75 0.6
C/8 Distilled Water 0.5 0.6
C/9 Distilled Water 0.25 0.6
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4.4.3 Experimental results

Figure 4.7 shows the repeatability of the experiment for Run C/2a, C/2b

and C/2c. The three runs have the same parameters as run C/2.
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Figure 4.7 Repeatability test for runs C/2a, C/2b and C/2c

Figure 4.8 to Figure 4.16 show the transient bath temperature for run

C/1to C/9
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Figure 4.8 Transient bath temperatures for Run C/1
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Figure 4.9 Transient bath temperatures for Run C/2

113




100

90 E‘Ta,1‘3 =
o 80 T, = 1E-060% - 0.01510 + 77 Ta,4-6 H
= N = R?=0.9945 = Ta, 795
; 70 | = T ] < Tins [
£ 60 S S Twall |
550w S <+Tb
1
é 40 B ‘;&;\& : A Tayout|
e T ‘g"t-::::é\\*&—\"f \%"““‘( ©Ta,in ||
= S = ‘

2 2 ¢ (: S c SO &
10
0
0 1 2 3 4 5 7 8
Time, 0 (seconds) x10°
Figure 4.10 Transient bath temperatures for Run C/3
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Figure 4.11 Transient bath temperatures for Run C/4
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Figure 4.13 Transient bath temperatures for Run C/6
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Figure 4.14 Transient bath temperatures for run C/7
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Figure 4.15 Transient bath temperatures for run C/8
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Figure 4.16 Transient bath temperatures for run C/9

Figure 4.17 and Figure 4.18 shows the effect of FR on the performance

of the THPHE cooler with R410a and water as fill liquid.
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Figure 4.17 Effect of fill ratio on R410a filled THPHE cooler (Run C/1-C/-5)
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Figure 4.18 Effect of fill ratio on water filled THPHE cooler (Run C/1,
C/6-C/9)

Figure 4.19 shows the effect of fill liquid type on the performance of

the THPHE cooler.
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Figure 4.19 Effect on fill liquid type on THPHE cooler (Run C/3 and Run C/8)
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Figure 4.20 to Figure 4.23 shows the effect of number of rows on the

THPHE cooler at different instance of time at 600s and 3600s respectively.
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Figure 4.20 Effect of number of rows in THPHE cooler at time, 600s for

run C/2-C/5
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Figure 4.21 Effect of number of rows in THPHE cooler at time, 3600s
for run C/2-C/5
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Figure 4.22 Effect of number of rows in THPHE cooler at time, 600s for

run C/6-C/9
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Figure 4.23 Effect of number of rows in THPHE cooler at time, 3600s
for run C/6-C/9

Figure 4.24 shows the performance of the THPHE cooler at various FR
and various fill liquids. In addition the simulation results for the water filled

THPHE cooler was included at FR = 0.25 to 1.0.
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Figure 4.24 Comparison between water filled, R410a filled thermosyphons and
simulation results (Runs C/2-C/9)

Table 5 Trend line equation and regression values for run C/2-C/9 and the
simulation results for run C/6-C/9

Run P=mMATb-air mean + C R’
Run C/2 P=519ATpam—122 | R2=0.9997
Run C/3 P=47.6ATpam- 72 R? =0.9963
Run C/4 P =335ATpam+66 | R?2=0.9834
Run C/5 P=20.3ATpam-144 | R2=0.9766
Run C/6 P=47.2ATpam—667 | R?=0.9997
Run C/6 Theoretical P=479ATpam-682 | R2=0.9992
Run C/7 P=452ATpam—318 | R2=0.9987
Run C/7 Theoretical P=459ATpam—329 | R?=0.9982
Run C/8 P=411ATpam-231 | R2=0.997
Run C/8 Theoretical P=416ATpam—237 | R*=0.996
Run C/9 P=441ATpam-373 | R2=0.9983
Run C/9 Theoretical P =44.0ATpam-369 | R?2=0.9987
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4.5 Discussion of experimental results

4.5.1 Repeatability of results

A typical set of transient results obtained for run C/2a, C/2b and C/2c
with fill liquid, R410a and FR = 1.0 is shown in Figure 4.7. Mean water
container (Tp) was plotted for C/2a, C/2b and C/2c respectively. The results
show that it cooled the hot water container from 80 °C to 28 °C in 2 hours. An
average quadratic temperature-time relationship (Tp, = 1x10° 6% -0.0146 6 +77)
was obtained for the mean container temperature for run C/2a, C/2b and C/2c

with a regression of 0.9935.

4.5.2 Transient temperature

A typical set of transient results for run C/1, natural cooling is shown in
Figure 4.8. The mean water temperatures (T,) are plotted for run C/1a and C/1b.
The water container cooled down from 80 °C to 66 °C without the THPHE
cooler and to the ambient. A quadratic temperature-time relationship (Tp =
1x10°" 6% -0.0029 6 +80) was obtained for the mean container temperature for
run C/1 with regression of 0.9996. This indicates that the experiment was

repeatable, as well as noting the natural heat loss rate of the hot water container.

A typical set of transient results for run C/2 with fill liquid, R410a and

FR = 1.0 is shown in Figure 4.9. Mean water container (Ty,), air inlet (T,n), air
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out (Taout), evaporator insulation wall temperature (Twan), condenser insulation
wall temperature (Tins) and condenser air probes (Tai1.3 , Tass , Tazg) are
plotted. The results show that it took 2 hours to cool down from 80 °C to 28 °C
with the THPHE cooler. The experiment was stopped after 2 hours. A
quadratic temperature-time relationship (T, = 1x10° 6 -0.0146 6 +77) was
obtained for the mean container temperature for run C/2 with a regression of
0.9935. The air outlet dropped from 55 °C to 24 °C after 2 hours. The
temperature difference between inlet and outlet of air was about 34 °C initially

and about 3 °C after 2 hours.

45.3 Effect of fill ratio on R410a filled THPHE cooler

The effect of fill ratio and natural cooling for run C/1 to C/5 are
demonstrated in Figure 4.17. Better performance results in lower container
temperature or greater heat removal from the container. Bath temperature
results in Figure 4.17 show that the THPHE cooler with a FR = 0.75 performed
better than FR = 0.5, FR = 1.0 and FR = 0.25 in a descending order. FR = 0.75
and FR = 1.0 performed similarly throughout the experiment and the difference
was only + 2 °C which could be due to experimental accuracy. FR = 0.5
performed similarly to FR =0.75 and FR = 1.0 however at initial stages FR =
0.5 was shown to have lower performance from bath temperatures 70 °C to 40
°C. FR = 0.25 show to be the least performing FR. Overall bath temperature
reduced from 80°C to 28 °C in 2 hours as compared to the natural cooling rate
that reduced from 80 °C to 66 °C, which indicates that the THPHE cooled the

water container 2.3 times faster than natural cooling. Figure 4.17 indicates that

123



a higher FR was preferred for better performance when using an R410a filled

THPHE cooler.

45.4 Effect of fill ratio on the water filled THPHE cooler

The effect of fill ratio and natural cooling for run C/1, C/6 to C/9 are
demonstrated in Figure 4.18. Better performance results in lower container
temperature or greater heat removal from the container. Bath temperature
results in Figure 4.18 show that the THPHE cooler with a FR = 0. 5 performed
better than FR = 0.25, FR = 0.75 and FR = 1.0 in a descending order. FR = 0. 5
and FR = 0.25 performed similarly throughout the experiment and the
difference was only + 2 °C which could be due to experimental accuracy. FR =
0.75 performed similarly to FR =0.5 and FR = 0.25 however at end stages FR =
0.75 was shown to have lower performance from bath temperatures 45 °C to 34
°C. FR = 1.0 show to be the least performing FR. Bath temperature reduced
from 80 °C to 33 °C in 2 hours as compared to the natural cooling rate that
reduced from 80 °C to 66 °C only, this indicates that the THPHE cooled the
water container 2 times faster than natural cooling. Figure 4.18 indicates that a
lower FR was preferred for better performance when using a water filled

THPHE cooler.
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45,5 Effect of fill liquid type

The effect of fill liquid type and natural cooling for run C/1, C/3 and
C/8 are demonstrated in Figure 4.19. Both R410a- and water-filled THPHE
cooler had higher cooling rates than natural cooling. R410a performed better
than water-filled THPHE. R410a-THPHE cooled the hot water container from
80 °C to 28 °C whereas water-THPHE cooled down the hot water container
from 80 °C to 33 °C. There was a 5 °C difference at the end of the 2 hour
experiment and throughout the experiment R410a-THPHE performed better

than water-THPHE in cooling rate.

45.6 Effect of number of rows in THPHE cooler

The effect of number of rows in THPHE cooler in run C/2 to C/5 and
C/6 to C/9 are demonstrated in Figure 4.20 to Figure 4.21 and Figure 4.22 to
Figure 4.23, respectively. The working state of a heat pipe results in large
temperature differences between each temperature probe at each end of a row
of heat pipes. If there was no difference in temperature, it was an indication
that heat pipe was not working. In Figure 4.20 and Figure 4.22 there are one
set of arrows (one pointing to the left and one pointing to the right) this shows

which Y-axis the series of data belongs to.

In Figure 4.20 and Figure 4.21 the difference between T,i, and Ta7.

was 20 °C and 8 °C respectively and reduced to 10 °C and 5 °C respectively
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from T,79 to Tas6 and reduces even further 2-3 °C and maintained from T, 4.
through T, 1.3 to T, oy respectively. This trend was observed across the different
FRs for R410a-THPHE, indicating that after the second row of heat pipes the

function of the third and fourth row was minimal or was not functioning.

In Figure 4.22 and Figure 4.23 the difference between T,i, and T,z
was 20 °C and 8 °C respectively and reduced to 2 °C from T,79 and
maintained from T,4.6 through Ta1.3 t0 Taou, This trend is seen across the
different FR for water-THPHE, and indicates that after the first row of heat
pipes, the function of the second, third and fourth row was minimal and wasn’t

functioning.

4.5.7 Performance of various fill liquids, FR and comparison to
simulation results.

The graph of power versus temperature difference, ATp-air mean 1S plotted
in Figure 4.24. The performance of the THPHE cooler can be gauged from
Figure 4.24; the steeper the gradient the lower the overall thermal resistance.
The R410a-THPHE with FR = 1.0 and FR = 0.75 performed the better than
water-THPHE with FR=1.0, FR = 0.75, FR = 0.5 and FR = 0.25. R410a-
THPHE with FR 0.5 performed similarly with the average performance of
water-THPHE at the temperature difference, ATp.airmean, 30-48 °C. At a lower
temperature difference it performed similarly to R410a-THPHE with FR = 1.0
and FR = 0.75. R410a-THPHE with FR = 0.25 had the lowest performance rate

among all the fill ratios for both R410a- and water-THPHE. Water-THPHE
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with FR = 0.25, FR = 0.5 and FR = 0.75 performed similarly within + 3°C of

each other and better than with FR = 1.0.

The simulation run was modeled after the thermal network model
described in Section 2.2 the dimensions of the THPHE cooler was inserted into
the model. The heat transfer coefficients were derived from the experiments in
phase A. From the simulation the interface temperatures were simulated and
the temperature difference and the power was obtained from this model and

plotted in Figure 4.24. The results can be seen in Appendix C.

The simulation results coincided with about 95 % of the experimental
results for all FRs for water as shown in Figure 4.24. The simulation model
used he and h values obtained from phase A. To further improve the accuracy
of the simulation results, the he and h; values used were divided into
temperature ranges in steps of 10 °C and was also based on FR results from
Figure 2.52 to Figure 2.69. Through trial and error, it was found that there was
no single he or hc value that can be used to determine the performance of a
thermosyphon accurately. Selection of he and h. value had to be specific to the

temperature range, FR and inclination.

4.6  Chapter conclusion

In phase C, a THPHE cooler was developed and tested as a cooling

tower replacement. The following conclusions were drawn:
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o R410a-THPHE cooler performed better than water-THPHE cooler.

o High fill ratio was preferred when using R410a-THPHE cooler. The
best performing fill ratio was FR =0.75 for R410a-THPHE cooler.

o Low fill ratio was preferred when using water-THPHE cooler. The best
performing fill ratio was FR = 0.5 for water-THPHE cooler.

o The maximum number of heat pipe rows should not be more than 2.

o The simulation model showed 95 % similarity when compared to

experimental results.
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CHAPTER 5

SUGGESTIONS FOR FUTURE WORK

This research was performed in three phases. The following are

suggestions for future work in each phase.

For phase A, the thermal performance testing of thermosyphons:-

e The temperature range could be further increased to 200-300 °C.

e Further experiments should be conducted at lower temperatures
(<60 °C) as this research shows that there are two linear

operating regions at around 40 °C.

e The temperature of the water source could be lowered (<20 °C).

e A wider variety of aspect ratios could be experimented on for
further verification on the effects of aspect ratio on

performance.

e The effects of mass flow rate could be studied further with more

flow rates between 3 and 50 ml/s.
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For phase B, a novel method to compare performance of

thermosyphons, the following are suggestions for future work:-

e A stirrer could be added to the hot water container to reduce

stratification effect.

e Further experiments with a wider range of HP with different

dimensions should be conducted.

For phase C, development and testing of a THPHE cooling tower

replacement, the following are suggestions for future work:-

e The THPHE cooler could be optimised to only two rows of heat
pipes in series. More heat pipes could also be added to each row

if needed to increase the cooling potential.

e The fan speed could be controlled to study the effect of different

air flowrates.

e A separate water heating tank should be constructed as a source
of water leading into the THPHE system to control the inlet

water temperature.
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CHAPTER 6

CONCLUSIONS

This chapter concludes and highlights all the key findings in the thesis.
The following are the conclusions drawn for phase A. High power input results
in higher thermosyphon wall temperatures. High condenser coolant flow rates
result in lower thermosyphon wall temperatures. Axial temperature distribution
was quite uniform at low power input (< 18 W) and non-uniform at high power
input (> 18 W). Differences in evaporator wall temperatures based on bulk and
mean definitions could be as much as 14 °C. There are two distinct operating
regions observed at around 40 W. The best performing thermosyphon was
found to have a fill ratio of 1.0 and inclination at 90 °. A high aspect ratio

thermosyphon of 10 was preferred.

In phase B, a method to compare the performance of various
thermosyphons rapidly and economically was proposed. The ease and
simplicity of the procedure was demonstrated by cooling a container of hot
water using various thermosyphons. From the results obtained it was found that
forced air convection cooling was better than natural convection and that high

coolant water flow rate was preferred to low flow rate.

In phase C, the following conclusions can be drawn. R410a-THPHE
cooler performed better than water-THPHE cooler. High fill ratio was
preferred when using R410a-THPHE cooler as it cools down the hot water bath

to the lowest temperature for a fixed amount of time. The best performing fill
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ratio was FR = 0.75 for R410a-THPHE cooler. Low fill ratio was preferred
when using water-THPHE cooler. The best performing fill ratio was FR = 0.5
for water-THPHE cooler. The maximum number of heat pipe rows should not
be more than 2. The simulation model shows around 95 % similarity when

compared to experimental results.
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Table 6 Experimental results obtained for phase A

Tui Tuo AT, Ten Tem Tem AT, | ATn Teat Taar Tace Ta he he Rhp
Series HP # FR My 0" P
(°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C)
5 248 | 252 0.5 340 | 337 | 253 8.7 85 275 | 268 | 268 | 190 | g3 5542 159
18 248 | 258 1.1 570 | 559 | 290 | 280 | 269 | 290 | 335 | 336 | 182 | g1 6776 141
38 248 | 273 25 651 | 635 | 330 | 321 | 305 | 304 | 407 | 403 | 200 | 1g77 | 8787 0.74
Al 2 1 3 90 70 252 | 296 44 793 | 760 | 373 | 420 | 388 | 333 | 475 | 469 | 185 | 5765 | 12252 | o050
113 258 | 337 7.9 87.6 | 828 | 401 | 475 | 427 | 381 | 498 | 493 | 210 | 3370 | 20903 | 035
210 274 | 420 | 146 | 1144 | 1059 | 469 | 675 | 590 | 568 | 561 | 558 | 201 | 4783 | 40659 | 027
360 300 | 57.6 | 27.4 | 1605 | 1464 | 642 | 963 | 821 | 768 | 676 | 67.9 | 195 | 5317 | 184390 | 023
5 259 | 261 0.2 333 | 330 | 259 74 7.1 289 | 273 | 271 | 186 | gy9 666.1 133
18 261 | 263 0.2 575 | 563 | 292 | 283 | 271 | 294 | 330 | 331 | 207 | gg; 86,1 113
38 258 | 263 05 66.8 | 650 | 322 | 346 | 328 | 294 | 401 | 395 | 196 | 1715 | g757 0.79
A2 2 1 19 90 70 265 | 269 0.4 779 | 746 | 343 | 436 | 403 | 308 | 435 | 431 | 186 | ssas | 13461 | 053
113 267 | 280 13 887 | 834 | 365 | 522 | 469 | 316 | 471 | 466 | 213 | 3516 | 19122 | 038
210 294 | 318 23 | 1161 | 1066 | 406 | 755 | 660 | 382 | 517 | 517 | 195 | 4359 | 32666 | 030
360 336 | 377 41 | 1568 | 1419 | 488 | 1080 | 930 | 584 | 590 | 600 | 198 | 4980 | 57423 | 025
5 276 | 278 0.1 369 | 366 | 280 8.9 8.6 315 | 294 | 204 | 216 | 791 599.7 163
A ) ) 5 0 18 242 | 245 0.3 566 | 545 | 279 | 277 | 266 | 275 | 318 | 319 | 229 | g9s 1762 140
38 276 | 278 03 649 | 633 | 333 | 316 | 300 | 319 | 397 | 398 | 222 | 1839 | 10022 | 073
70 251 | 260 0.9 772 | 740 | 344 | 428 | 396 | 302 | 441 | 437 | 210 | s6a5 | 12743 | o052
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113 29.9 30.5 0.7 83.7 79.2 37.2 46.5 41.9 34.6 45.4 455 22.4 381.9 2351.9 0.35

210 311 321 1.0 106.5 98.5 39.3 67.3 59.2 36.3 48.2 48.4 21.8 476.7 3992.2 0.27

360 34.1 35.8 1.7 138.9 126.0 435 95.4 82.5 49.5 53.0 53.1 21.0 562.4 6608.0 0.22

5 28.6 28.4 0.2 - 335 27.8 - 5.7 30.2 28.5 28.8 20.0 117.8 885.1 1.09

18 28.2 28.1 0.1 - 48.5 28.7 - 19.9 30.0 31.6 31.0 19.7 118.8 1242.3 1.05

38 28.0 28.0 0.0 - 60.6 30.3 - 30.3 30.2 35.2 34.2 19.9 167.0 1562.2 0.75

Al4 0.75 50 90 70 28.3 28.4 0.1 - 68.6 31.6 - 37.0 31.0 375 36.4 20.0 251.5 2375.9 0.50
113 29.5 29.8 0.3 - 80.1 33.6 - 46.5 32.9 40.4 39.2 20.1 319.3 3303.1 0.39

210 32.2 331 0.9 - 108.6 38.1 - 70.5 42.0 47.0 45.5 20.4 383.6 4664.1 0.32

360 36.2 37.6 14 - 140.3 454 - 94.9 54.1 54.8 52.4 20.5 473.2 8307.8 0.25

5 28.0 27.9 0.1 - 35.7 27.4 - 8.3 31.4 28.4 28.5 20.2 78.2 783.4 1.60

18 27.7 27.6 0.1 - 53.0 28.6 - 24.5 31.6 315 31.2 20.5 94.6 1128.1 1.30

38 27.6 27.6 0.0 - 59.1 29.7 - 29.4 31.9 33.7 334 20.0 169.2 1717.5 0.74

A/5 0.5 50 90 70 28.0 28.2 0.2 - 66.8 31.2 - 355 33.3 36.6 36.0 20.2 261.6 2449.0 0.48
113 29.2 29.5 0.3 - 76.9 333 - 43.6 34.3 40.0 39.2 20.2 3445 32113 0.37

210 324 33.2 0.8 - 104.1 38.0 - 66.0 44.8 45.4 44.3 20.5 403.8 5578.8 0.30

360 36.5 38.1 1.6 - 145.2 48.0 - 97.2 57.1 54.4 52.7 21.8 447.3 12601.4 0.26

5 28.0 27.8 0.1 - 37.9 27.2 - 10.8 30.4 28.5 28.5 19.6 60.4 625.3 2.06

18 275 275 0.1 - 51.1 28.6 - 225 31.0 32.0 31.6 18.9 106.0 991.4 1.19

38 27.4 27.4 0.1 - 57.9 30.3 - 27.7 31.7 355 34.9 18.9 190.2 1359.9 0.68

Al6 0.25 50 90 70 275 27.6 0.1 - 65.3 315 - 33.8 32.3 37.3 36.5 19.6 280.8 2292.2 0.46
113 29.1 29.2 0.1 - 78.2 34.0 - 44.2 36.9 40.4 39.6 19.6 336.7 3351.0 037

210 31.8 32.2 0.3 - 106.7 37.9 - 68.8 42.9 46.4 45.0 20.0 392.0 4887.0 0.31

360 36.0 37.7 1.7 - 143.9 435 - 100.4 60.7 56.4 50.7 20.9 453.6 7401.7 0.27
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5 27.3 215 0.2 33.6 27.2 6.4 30.8 28.1 28.3 19.3 105.8 808.2 1.22

18 26.8 27.1 0.2 53.9 29.3 24.6 31.1 32.7 32.7 19.8 96.8 897.2 1.30

38 26.8 271 0.4 71.5 33.7 37.8 314 415 415 20.1 143.9 830.8 0.93

AT 1.0 50 68 70 27.4 27.9 0.4 80.1 36.6 435 32.2 47.2 46.7 19.9 240.5 1171.1 0.57
113 28.5 29.1 0.6 90.9 38.6 52.3 33.5 49.9 49.7 20.2 312.9 1746.1 0.43

210 30.9 31.9 1.0 1144 41.7 72.7 36.5 53.2 53.7 20.1 392.0 3063.9 0.33

360 35.9 37.6 1.7 150.6 47.7 102.9 49.0 59.3 60.8 20.0 452.8 4924.4 0.28

5 26.9 27.1 0.2 33.2 26.6 6.6 23.3 27.7 27.6 20.4 102.0 834.6 1.25

18 26.9 27.2 0.3 55.7 29.5 26.3 254 32.0 33.2 19.7 88.5 892.8 1.41

38 27.0 27.3 0.3 64.6 324 32.3 25.7 37.3 39.1 19.2 163.5 1032.8 0.81

A/8 0.75 50 68 70 27.5 27.9 0.4 73.0 34.0 39.0 30.6 39.8 41.9 19.2 248.1 1618.5 0.53
113 28.4 29.0 0.6 86.2 36.3 49.9 28.9 431 45.6 19.0 307.2 2242.4 0.42

210 30.4 31.3 0.9 1111 39.5 71.6 28.7 46.4 50.1 19.3 380.3 37615 0.33

360 32.2 33.7 15 148.9 43.9 105.0 29.5 50.8 56.1 19.5 429.6 5760.3 0.29

5 27.4 27.6 0.2 34.5 26.8 7.7 30.1 28.0 27.9 19.2 87.1 760.1 1.46

18 27.0 27.2 0.2 46.6 28.2 18.5 30.7 29.9 30.9 19.1 126.1 1234.0 0.99

38 27.0 27.4 0.4 53.3 29.9 23.4 32.0 33.3 34.1 19.2 220.5 1631.0 0.59

A9 0.5 50 68 70 275 28.0 0.5 61.9 311 30.8 32.2 34.8 36.2 19.2 302.0 2540.3 0.42
113 28.1 28.7 0.6 71.9 325 39.5 33.6 36.3 38.3 19.0 3715 3658.7 0.34

210 30.2 31.3 11 99.5 37.2 62.3 42.7 40.9 44.3 19.7 4205 5876.5 0.29

360 36.4 38.4 2.0 144.6 485 96.1 57.5 51.2 57.0 20.1 453.1 9053.5 0.26

5 27.8 27.9 0.1 36.4 27.0 9.4 30.5 28.5 28.2 19.8 71.0 645.1 1.78

A/10 0.25 50 68 18 275 271.7 0.2 51.1 29.2 21.9 30.4 31.3 32.9 19.4 107.8 919.6 1.18
38 27.3 27.6 0.3 57.8 30.8 27.0 31.1 34.1 36.3 18.9 191.7 1302.9 0.68
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70 27.6 28.0 0.4 66.2 32.3 33.9 33.7 35.9 38.7 19.0 275.8 2112.9 0.47

113 28.8 29.4 0.6 7.7 344 43.3 35.8 37.9 41.3 19.3 3375 32293 0.37

210 314 324 1.0 102.8 39.8 63.0 42.0 45.0 49.0 20.2 428.9 4423.9 0.29

360 35.6 37.3 1.7 142.5 46.7 95.8 54.9 52.6 59.7 20.0 475.0 5602.5 0.26

5 28.3 28.5 0.2 34.8 28.0 6.8 31.4 29.0 29.2 19.2 99.7 743.5 1.29

18 27.7 28.0 0.3 54.7 30.0 24.7 31.8 33.6 335 19.3 97.0 869.7 1.30

38 27.5 27.8 0.3 71.6 33.3 38.2 32.0 40.2 40.3 19.2 138.2 9325 0.95

A1l 1.0 50 45 70 27.9 28.4 05 79.8 35.7 441 32.8 45.0 445 19.2 2275 1338.6 0.59
113 29.1 29.7 0.6 89.7 38.4 51.4 34.2 49.0 48.8 18.9 315.1 1849.5 0.42

210 317 32.9 1.2 113.2 419 713 38.0 52.8 53.3 19.1 397.8 3220.1 0.32

360 36.8 38.6 1.8 148.7 48.7 99.9 54.5 58.8 60.1 19.2 459.7 5680.3 0.27

5 27.6 21.7 0.1 34.3 26.9 75 29.5 28.3 28.2 175 93.6 621.5 1.40

18 27.3 2715 0.2 575 30.1 27.4 29.9 32.7 34.2 20.4 85.3 826.7 1.47

38 27.4 21.7 0.3 64.8 33.0 31.8 31.3 38.0 39.9 19.5 167.3 1004.8 0.79

A/12 0.75 50 45 70 27.9 28.3 0.4 74.1 34.8 39.3 31.7 41.0 43.2 19.7 249.2 1530.3 0.53
113 28.9 29.4 0.5 86.2 36.9 49.3 33.2 43.6 46.3 19.4 311.9 2216.6 0.42

210 30.8 31.8 1.0 113.2 40.1 73.1 37.3 47.0 50.8 19.8 371.9 3712.7 0.34

360 33.3 34.9 1.6 150.4 46.2 104.2 50.0 52.1 57.6 19.5 429.0 6291.8 0.28

5 23.2 23.4 0.2 315 23.1 8.4 24.7 24.1 24.0 18.2 76.5 925.2 1.61

18 23.2 23.5 0.3 62.8 26.3 36.5 26.3 28.6 30.2 18.9 61.3 880.0 1.98

38 235 23.8 0.3 72.5 314 411 27.3 36.9 40.1 19.2 127.1 822.9 1.03

AlL3 05 »0 . 70 24.1 24.5 0.4 81.2 34.8 46.5 28.4 425 46.0 19.8 215.3 1155.9 0.63
113 25.1 25.8 0.7 93.2 37.1 56.1 29.9 46.0 49.9 19.6 284.0 1640.7 0.47

210 27.9 28.9 1.0 122.2 415 80.8 34.6 51.2 56.0 19.4 3483 2713.6 0.37
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360 | 311 | 327 | 16 1584 | 46.4 1121 | 456 | 557 | 624 | 190 | 4195 | 43511 | 030
5 | 202 | 204 | 02 300 | 282 108 | 320 | 209 | 206 | 200 | g6 | se03 | 205

18 | 288 | 289 | o1 523 | 305 218 | 319 | 325 | 339 | 236 | 1973 | 10105 | 117

38 | 201 | 203 | 02 580 | 324 256 | 339 | 354 | 378 | 191 | 004 | 13235 | oss

A/L4 025 | 50 45 70 | 202 | 207 | o5 664 | 332 332 | 350 | 369 | 396 | 192 | 2897 | 21036 | o046
13 | 307 | 312 | 05 788 | 37.2 417 | 387 | 400 | 435 | 185 | 3469 | 35738 | 036

210 | 330 | 340 | 10 1052 | 415 637 | 439 | 451 | 503 | 184 | 4161 | asazo | 030

360 | 374 | 390 | 16 1431 | 4658 9.4 | 556 | 517 | 596 | 185 | 4es8 | 57874 | 0.26

5 | 248 | 250 | 02 337 | 251 86 | 287 | 259 | 261 | 193 | 43 | sasa | 166

18 | 227 | 230 | 03 484 | 255 229 | 282 | 287 | 288 | 192 | 1039 | oas0 | 121

38 | 220 | 232 | 03 669 | 280 388 | 289 | 337 | 337 | 184 | 1305 | 11506 | 097

A/15 10 | 50 23 70 | 234 | 239 | o5 756 | 303 453 | 294 | 376 | 377 | 186 | 2008 | 16003 | o061
13 | 251 | 257 | 06 848 | 327 521 | 309 | 410 | 408 | 186 | 2930 | 23688 | 044

210 | 280 | 201 | 11 1093 | 37.0 723 | 378 | 460 | 464 | 185 | 3787 | 30051 | 033

360 | 335 | 351 | 17 1456 | 47.9 978 | 528 | 540 | 550 | 231 | 4408 | 92934 | 027

5 | 247 | 249 | o2 317 | 25 72 | 270 | 257 | 255 | 180 | 40 | 7775 | 136

18 | 246 | 248 | 02 545 | 27.8 267 | 280 | 303 | 317 | 204 | g1o | seve | 144

38 | 247 | 250 | 03 643 | 303 340 | 286 | 344 | 366 | 203 | 1503 | 11321 | os6

A/16 075 | 50 23 70 | 254 | 259 | o5 744 | 326 418 | 300 | 381 | 407 | 197 | 2578 | 16022 | o057
13 | 267 | 274 | 07 855 | 347 509 | 316 | 408 | 436 | 196 | 969 | 23501 | 043

210 | 288 | 208 | 10 1112 | 381 731 | 385 | 441 | 483 | 191 | 3680 | 39501 | 034

360 | 330 | 345 | 15 1500 | 472 1028 | 508 | 513 | 573 | 194 | a5 | 73684 | 028

5 | 250 | 251 | o1 336 | 246 90 | 272 | 257 | 256 | 182 | 519 | 7956 | 172

AT 05 >0 2 18 | 248 | 250 | 02 608 | 27.3 335 | 283 | 296 | 310 | 180 | 71 | 9060 | 182
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38 24.9 25.2 0.3 71.8 31.2 40.6 28.7 36.3 38.8 17.9 126.1 932.5 1.02

70 25.5 25.9 0.4 79.2 33.3 459 29.7 39.2 424 17.9 207.6 1446.8 0.63

113 26.6 271.2 0.6 91.8 36.5 55.3 31.2 44.2 47.8 17.7 281.0 1867.4 0.47

210 28.5 29.6 11 118.1 40.7 77.4 37.0 48.9 54.1 17.8 358.9 2997.6 0.36

360 31.9 33.7 1.8 163.6 495 114.1 52.4 55.7 63.2 18.3 393.6 5311.5 0.31

5 26.6 26.7 0.1 34.8 25.9 9.0 28.4 27.1 26.9 18.5 72.6 777.5 1.71

18 26.4 26.6 0.2 50.8 28.4 22.4 30.3 30.1 31.8 18.8 103.1 1036.1 1.21

38 26.3 26.6 0.3 56.2 30.4 25.8 31.6 32.7 34.9 19.4 193.4 1651.8 0.66

A/18 0.25 50 23 70 27.0 27.5 0.5 66.3 335 32.9 34.0 35.4 38.4 19.7 270.9 2877.1 0.46
113 28.3 28.8 05 76.2 36.4 39.8 37.7 375 41.2 19.8 348.8 5082.7 0.35

210 30.0 31.0 1.0 101.9 40.0 61.9 41.2 42.8 48.1 19.9 4233 5410.2 0.29

360 35.7 37.4 1.7 143.2 47.0 96.2 53.8 51.0 59.3 20.1 465.7 6165.4 0.26

50 26.2 26.4 0.2 61.1 32.6 28.5 21.7 36.9 37.7 22.2 2395 1735.0 0.54

A/19 1.0 50 90 100 29.9 30.3 0.4 70.9 36.9 34.0 30.1 42.7 43.2 21.0 406.9 2794.6 0.32
150 29.0 29.6 0.6 83.5 37.6 459 32.6 455 455 22.4 449.2 3283.6 0.29

50 24.5 24.7 0.2 72.6 34.7 37.9 27.6 45.0 45.4 18.8 207.9 806.9 0.69

90 253 25.7 0.4 80.3 419 38.4 28.8 58.0 58.9 18.6 468.5 918.2 0.37

A0 Lo »0 % 130 26.9 275 0.6 90.9 47.5 434 29.9 67.0 68.6 18.4 642.7 1075.6 0.28
250 29.6 30.8 1.2 113.6 57.5 56.1 32.7 85.0 85.5 19.0 1008.3 1536.4 0.19
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ABSTRACT

The thermal performances of three water-filled thermosyphons subjected to evap wall temp b 30-150°C were investigated. The
effect of condenser cooling rates together with various fill ratios from 0.25-1.00, thermosyphon inclination angles from 23°-90° and aspect ratios
from 5.0-10.0 were investigated. Power inputs from 5-405 W resulted in evaporator wall temperatures up to 185°C. Water coolant flow rates from
0.003-0.05 kg/s were employed. Axial temperature distribution was found to be uniform at power input < 18 W and non-uniform at high power input.
Evaporator wall temperatures based on bulk and mean values show differences of at least 14°C at the high power values. The performance of the
thermosyphons based on heat transferred varied linearly with mean or bulk temperature difference and was dependent upon fill ratio and inclination.
The best performing thermosyphon was found to be at a fill ratio of 1.00 in the vertical position. Also, a high length/diameter aspect ratio

thermosyphon performed better than one with a low aspect ratio.

7

Keywords: Thermosyphon,

cooling rates, high power input, i

fill ratio, aspect ratio.

1. INTRODUCTION.

Heat pipes (HPs) are very effective heat transfer devices capable
of transferring large amounts of heat effectively and efficiently.
Peterson (1994) mentions that a HP typically consists of a sealed
container lined with a wicking material. The container is evacuated and
filled with just enough liquid to fully saturate the wick. A wickless HP,
known as a thermosyphon is shown in Fig. 1. Heat applied at the
evaporator section causes the liquid to boil and vaporize, picking up
latent heat of vaporization. Vapor rises to the condenser section where
it condenses and gives up its latent heat of condensation. The
condensate then travels back to the evaporator section by gravity. The
performance of a thermosyphon is dependent on the fill ratio (FR),
types of fill liquid, power input at the evaporator (P), heat removed
from the ds i lination (8) and 1 th/di aspect ratio
(AR). An optimal FR is important as too much fill liquid can cause
flooding and too little will cause dry out. Both these phenomena are
undesirable as they reduce the performance of the heat pipe. Flooding
occurs when liquid collecting in the condenser and adiabatic regions are
unable to return to the evaporator section. Dry out occurs when the rate
of return of the condensate from the condenser section is insufficient to
meet the evaporation rate due to high heat flux in the evaporator
section. The operating heat flux applied to the evaporator section is
important as well. A high heat flux can induce violent boiling in the
evaporator section causing block of cond Prolong exp to
high heat flux can also induce dry out. There is an optimum pipe
diameter related to a vapour flow such that any increase in the pipe
diameter may contribute to the flooding phenomenon. An increased
pipe diameter is desirable to avoid flooding. Axial heat conduction
occurs along the pipe wall. The magnitude of this heat transfer
compared to the heat transfer by evaporation and condensation in a
thermosyphon would be comparable if the heat input is small.
Generally. a temperature difference between evaporator and condenser

* Corresponding author. Email: skong@utar.edu.my

section of about 5°C is required to initiate operation of the
thermosyphon. This would depend upon the type of fill liquid and the
physical dimensions of the pipe.

Nguyen-Chi and Groll (1981) investigated the entrainment or
flooding limit in a closed two-phase thermosyphon with a water filled
20 mm OD x 17 mm I/D x 2.5 m long copper thermosyphon with inner
circumferential grooves. Evaporator and condenser sections were each
1.0 m long. The evaporator section was heated with electrical resistance
wires and the condenser cooled via a water cooling jacket. FR was
between 0.38-0.88, inclination angle from 1-80°, evaporator wall
temperature from 20-80°C and power input between 100-420W. They
derived an empirical correlation to predict the maximum performance
for the inclined thermosyphon and recommended further work to be
performed to determine the influence of parameters like FR, aspect
ratio, internal surface roughness of pipe and type of working fluid.

Gurses and Cannistraro (1991) studied the inclination effect on
water filled heat pipes for solar energy applications with an 18 mm OD
X 15 mm I/D x 1.93 m long copper pipe. The air-cooled condenser was
420 mm long fitted with external 400 mm diameter fins. Power input of
up to 1200 W resulted in a evaporator wall temperature range of up to
70°C. They concluded that the best inclination angles are between 45-
90° due to entrainment limit and capillary limit, and is dependent on the
power input range. Terdtoon et. al. (1996) investigated the effect of
aspect ratio and Bond number on the heat transfer characteristics of a
two-phased closed loop thermosyphon. They used copper pipes with
7.5,11.1 and 25.9 mm diameter with corresponding AR values of 5, 10,
20, 30 and 40. Evaporator temperatures were kept around 10°C and FR
at 0.8. Fill liquids were R22, ethanol and distilled water. They
concluded that the best inclination angles were between 40-70°
depending on aspect ratio. The authors mentioned that the aspect ratio
had more effect on the performance of a thermosyphon compared to
type of fill liquid and inclination. Payaruk et. al. (2000) correlated the
heat transfer characteristics of an inclined closed two-phase
thermosyphon at normal operating conditions. They used pipes of 7.5,
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APPENDIX B

Table 7 Experimental results obtained for phase B

Run HP Pipe Coolant Flowrate | Time To Tins T, Tin Tout
# | Shape (mifs) | () | (0 | €O | (€O | (o | (o)
0 100.3 | 29.5 | 19.6 - -
600 99.5 | 30.8 | 19.7 - -
1200 98.2 31.2 | 194 - -
1800 97.2 31.3 | 19.9 - -
2400 | 96.1 | 31.3 | 19.9 - -
3000 | 95.1 | 31.2 | 19.8 - -
B/1 - - - - 3600 | 94.1 | 31.3 | 199 - -
4200 93.1 31 19.7 - -
4800 | 92.1 | 31.3 | 199 - -
5400 | 91.2 | 31.1 | 19.8 - -
6000 | 90.2 | 31.3 | 19.9 - -
6600 | 89.3 | 31.2 | 19.7 - -
7200 | 88.4 | 31.3 | 19.9 - -
0 99.2 | 344 | 201 | 29.1 | 77.5
600 93.8 33 20.1 | 285 | 63.1
1200 86 30.8 | 21.5 | 28.2 | 56.8
1800 81 30.7 | 21.5 | 285 | 52.4
2400 | 789 | 30.5 | 21.4 | 289 | 485
3000 | 743 299 | 20.1 | 291 45
B/2 1 straight water 0.9 3600 | 71.3 29.4 | 20.6 | 285 | 418
4200 | 68.7 29.1 20 28.2 | 393
4800 | 66.6 28.8 | 20.6 | 28.2 | 37.2
5400 | 64.3 28.6 | 21.2 | 285 | 353
6000 | 61.1 283 | 21.1 | 28.9 | 33.7
6600 60 27.8 | 20.6 | 29.1 | 32.2
7200 | 58.5 27.5 | 20.3 | 28.5 | 30.9
0 989 | 329 | 20.1 29 31.6
600 87.5 33 20.1 30 31.6
1200 79 324 | 21.5 | 30.6 | 31.6
1800 | 73.3 | 31.5 | 21.5 | 309 | 315
B/3 1 | straight water 50
2400 | 69.3 | 30.6 | 214 31 31.4
3000 | 66.4 | 31.1 | 20.1 | 31.1 | 313
3600 | 64.2 | 31.8 | 20.1 | 31.1 | 31.2
4200 | 62.5 32 215 | 31.1 | 31.2
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4800 | 61.2 | 32.1 | 20.1 31 31
5400 | 60.3 | 32.1 | 20.1 31 31
6000 59.3 32 21.5 | 309 | 30.9
6600 | 58.4 | 31.8 | 21.5 | 30.8 | 30.9
7200 57.5 31.2 | 21.4 | 30.7 | 30.8
0 100 27.2 | 20.9 - -
600 97.7 | 27.6 | 209 - -
1200 95.5 27.6 | 20.8 - -
1800 | 93.3 | 27.5 | 204 - -
2400 91.3 27.4 | 20.2 - -
3000 | 89.3 | 27.1 20 - -
B/4 straight air 3600 | 87.3 | 26.7 20 - -
4200 85.4 26.3 | 194 - -
4800 | 83.5 | 26.3 | 184 - -
5400 | 81.6 | 26.3 | 18.6 - -
6000 | 79.7 | 26.1 | 18.8 - -
6600 | 77.8 | 25.8 | 18.6 - -
7200 | 76.1 | 25.6 | 185 - -
0 999 | 284 | 211 - -
600 98 289 | 20.9 - -
1200 | 959 | 28.8 | 20.1 - -
1800 94.3 284 | 211 - -
2400 | 92.7 | 28.9 | 20.9 - -
3000 | 91.1 | 28.8 21 - -
B/5 straight air 3600 89.6 28.4 20 - -
4200 | 88.1 | 28.9 | 20.5 - -
4800 | 86.6 | 28.8 | 21.8 - -
5400 | 85.2 | 284 | 20.3 - -
6000 | 83.8 | 289 | 21.1 - -
6600 | 82.4 | 288 | 20.9 - -
7200 81 29 20.1 - -
0 100.2 | 31.6 | 24.8 - -
600 93.4 | 324 | 249 - -
1200 | 853 | 31.8 | 244 - -
1800 | 78.4 | 31.1 24 - -
2400 | 72.7 | 30.3 | 235 - -
3000 | 68.1 | 295 | 23.1 - -
B/6 straight air 3600 64.2 28.6 | 22.7 - -
4200 | 61.3 28 22.4 - -
4800 | 59.2 | 27.5 | 22.2 - -
5400 | 57.6 | 26.9 22 - -
6000 | 56.3 | 26.5 | 21.9 - -
6600 | 55.2 | 26.1 | 21.8 - -
7200 | 54.1 | 25.8 | 21.7 - -
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0 99.8 | 25.2 | 211 - -
600 949 | 24.7 | 209 - -
1200 89 24.6 | 20.9 - -
1800 | 83.6 | 24.6 | 20.8 - -
2400 78.6 24.6 | 20.8 - -
3000 74.3 24.6 | 20.8 - -

B/7 J shape air 3600 | 70.3 | 24.7 | 20.8 - -
4200 68.3 244 | 20.8 - -
4800 | 65.4 | 243 | 20.8 - -
5400 63.3 24.2 | 20.8 - -
6000 | 61.1 | 24.2 | 20.8 - -
6600 | 59.3 | 23.8 | 20.8 - -
7200 57.9 23.9 | 20.8 - -

0 99.3 | 264 | 211 - -
600 90.2 | 263 | 21.2 - -
1200 | 849 | 28.7 | 211 - -
1800 80 29.6 | 21.4 - -
2400 75.3 289 | 21.8 - -
3000 | 71.1 | 28.1 | 21.9 - -

B/8 L shape air 3600 | 67.1 27.7 | 21.8 - -
4200 | 63.4 | 27.3 | 216 - -
4800 | 60.2 | 26.9 | 215 - -
5400 | 57.2 | 26.6 | 21.3 - -
6000 | 54.7 | 264 | 21.3 - -
6600 | 52.2 26 21.1 - -
7200 | 499 | 25.8 21 - -

Table 8 Simulation results for Phase B

Power (P), W Temperature difference (AT,,), °C
4.4 4.5
22.8 23
58 48
101 54.8
136 63.7
217 83.6
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ABSTRACT

There are various methads employed to deternyine the performanee of heat pipes and two-phase closed thermosyphons. Perhaps the most
Thas entails higher costs and requires extended testmg times. A method 15 proposed here to obtam comparative performance test data on vanous heat
pipes rapidly and economically. The method does not require fabricating a water jacket. It mevely imvolves measuring and comparing the 1
temperature of a pre-heated contamer of hot water obtamed first without the heat pipe and then with the heat pipe mmersed mto the contamer. The
maore efficient system will result m faster coolmz of the contamer. Themeﬂmdu{hnmshmdmngam:mb!d‘dlﬁmntﬂ:mnsnhms

employmg both water jackets and air coolad finmed dh Their

e d in the paper.

Keywords: Thermosyphon, rapid experi

Ve per

hure, air cooled condenser, water cooled condenser.

1. INTRODUCTION
Hezipups(}ms)ndﬂnmeapableufmsﬁnmg]mgemﬁ

filled with just enough liquid to fully sahwate the wick. A wickless HP
15 also known as a thexmosyphon, shown m Fig 1. Heat applied to the
evaporater section causes it to boil and vapoerize, picking up latent heat
of vaporization. The vapor then nises to the condenser section where it
condenses. Here vapor gives up ifs latent heat of condensation The
eondensate then travels back to the evaporator section of the heat pipe
by gravity or capillary action. The performance of HPs depend on
various factors such as type of fill hgumd, fill ratio (FR), heat input at
hmmmﬂm&mﬁﬂnm

The performance of 2 HP could be evaluated by determining the
amount of heat input at the section or by mg the heat
transferred at the condenser section to the coolant. At steady state, these
twchgtﬁamfzrmhﬁ!lmﬂdbemz]lfﬂnmlsmlnﬂlessﬁ'mthz
pipe. hmﬂﬂhmﬂeﬂnwﬁrmﬁmhﬂimthz

at various power inpats (100 to 830 W), fill atios

({025 to 0.93) and mechnations (30° to 90¢). The authors used a 38 mm
0D x 807 mm long thermeosyphon with a 71 mm OD cooling water
jacket and electnical heatmg bands to supply heat to the evaporator
sammByplofhngmpﬂmmmtmpermdlﬂhmbem
evaporater and condenser sections, found that the K410z filled
pﬂﬁlmadbeftu’mﬂnmhcalpuﬂhma{aﬂFR’sanl

that the water filled thevmosyphon performed better at low FE and
when inclined They showed that the evaporator wall temperature was

* Corresponding author. Email- skongi@utar. edu. my

melinations.
Shanthlanl\falmj (2014) experimented with a two phase gravity
assisted thermosyphon The

aufhors used a 12.5 mm 1D x 300 om long
ﬂlu'my]ﬂlmw‘lﬂ]axﬂmmlmgmlmgmmrjmk!tmﬂalimw

efficiency defined as ratio of power output over power input,
versus power input and obtamed wvalues as high as 0.9. Amakar and
Yarasu (2012) determined the effoct of condenser length on the
performance of thermosyphon by using a 32 mm 0D x 1000 mm lonz
thermosyphon with a 450 mm leng water cooled jacket and a 300 mm
long michrome heating element at the evaporator section. The authors
determuned the efficiency uwsing the rafio of heat conducted away by the
coolant water at the condemser section to the power mput at the
evaporator section and found walues of 0.5 to 0.95. In theory the mto
should be equal to 1.0.
Elsl:hmmandl’mnbemlﬂ-)mmpmdﬂn]nhmmuf
with

Hlmnm:etal(?ﬂll)mqmmﬁedmlhthmnﬂumsﬁﬂadmﬂl
iron oxide nano particles and foond that a concentration level of 5.3 %5
mnproved the thermal performance of ther HP. Sclomon et al. (2012)
determined the thermal perfeomemes of 2 heat pipe with a namo
from 0.32 to 0.11 *C/W when subjected to power mput ranging from
100 to 200 W, respectively.

Qu and Wang (2013) showed that the thermosyphon with a FB of
40 to 50 % resulted m faster time and lowest overall thermal
resistance. Shabgard et al (2014) studied the thermal charactenistics of
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APPENDIX C

Table 9 Experimental results obtained for phase C

RUN Time Tazs | Tass | Tazo | Tinsm | Twatm | Tom | Taouw | Ta,in
(seconds) | (°C) | ()C) | ()C) | () | (C) [ (C) | (©) | (°C)
0 - - - - - 802 | - -
600 - - - - - 784 | - -
1200 - - - - - 768 | - -
1800 - - - - - 752 | - -
2400 - - - - - 77| - -
3000 - - - - - 725 | - -
1 3600 - - - - - 713 | - -
4200 - - - - - 703 | - -
4800 - - - - - 69.2 | - -
5400 - - - - - 684 | - -
6000 - - - - - 675 | - -
6600 - - - - - 667 | - -
7200 - - - - - 659 | - -
0 649 | 60.7 | 469 | 27.3 | 417 | 79.4 | 546 | 21.0
600 573 | 535 | 41.9 | 294 | 398 | 68.1 | 50.8 | 20.7
1200 499 | 466 | 37.8 | 28.4 | 368 | 595 | 452 | 208
1800 445 | 420 | 347 | 271 | 340 | 527 | 407 | 208
2400 40.0 | 380 | 320 | 26.1 | 317 | 471 | 372 | 209
3000 364 | 348 | 298 | 252 | 29.9 | 427 | 343 | 206
2 3600 335 | 321 | 281 | 245 | 283 | 39.0 | 320 | 206
4200 313 | 299 | 267 | 239 | 271 | 361 | 301 | 207
4800 294 | 284 | 258 | 234 | 260 | 337 | 287 | 208
5400 279 | 270 | 247 | 229 | 252 | 319 | 274 | 208
6000 266 | 258 | 23.9 | 226 | 244 | 302 | 262 | 207
6600 255 | 248 | 231 | 221 | 238 | 289 | 253 | 20.6
7200 246 | 240 | 226 | 21.9 | 233 | 278 | 245 | 206
0 621 | 56.0 | 43.8 | 266 | 40.9 | 79.4 | 49.0 | 19.8
600 539 | 49.9 | 399 | 287 | 387 | 684 | 47.0 | 19.9
1200 50.4 | 453 | 37.2 | 275 | 367 | 59.5 | 437 | 19.8
1800 444 | 404 | 338 | 26.1 | 324 | 523 392 | 19.7
3 2400 395 | 364 | 312 | 251 | 312 | 464 | 356 | 19.8
3000 358 | 333 | 290 | 242 | 292 | 41.8 | 328 | 19.7
3600 327 | 305 | 272 | 235 | 275 | 381 | 305 | 19.7
4200 303 | 285 | 258 | 228 | 261 | 351 | 285 | 19.7
4800 284 | 269 | 246 | 223 | 251 | 327 | 271 | 198
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5400 268 | 255 | 236 | 219 242 | 30.7 | 258 | 19.7
6000 255 | 245 | 229 | 215 234 | 291 | 247 | 197
6600 244 | 236 | 222 | 211 228 | 278 | 239 | 19.6
7200 235 | 229 | 218 | 209 223 | 26.7 | 233 | 198

0 509 | 472 | 344 | 273 349 | 79.7 | 428 | 196
600 459 | 442 | 325 | 276 323 | 70.7 | 40.7 | 19.7
1200 43.6 | 435 | 320 | 26.8 325 | 631 | 394 | 1938
1800 410 | 415 | 312 | 26.0 316 | 565 | 375 | 19.8
2400 384 | 385 | 303 | 25.2 304 | 506 | 357 | 19.7
3000 36.3 | 357 | 295 | 246 29.4 | 456 | 339 | 19.7
3600 345 | 329 | 278 | 239 28.1 | 414 | 322 | 1938
4200 324 | 306 | 26.2 | 233 26.7 | 378 | 302 | 1938
4800 30.1 | 286 | 249 | 229 256 | 350 | 284 | 1938
5400 281 | 270 | 238 | 222 245 | 327 | 269 | 196
6000 266 | 25.7 | 23.0 | 21.8 23.7 | 30.8 | 256 | 19.7
6600 253 | 246 | 223 | 214 23.0 | 29.2 | 245 | 19.6
7200 244 | 240 | 224 | 216 23.0 | 28.0 | 238 | 195

0 36.0 | 335 | 252 | 29.6 30.7 | 794 | 304 | 201
600 304 | 304 | 236 | 303 26.4 | 738 | 287 | 204
1200 294 | 295 | 232 | 294 257 | 691 | 281 | 205
1800 286 | 289 | 229 | 285 252 | 649 | 274 | 205
2400 282 | 28,6 | 23.0 | 28.0 250 | 614 | 272 | 209
3000 277 | 283 | 229 | 273 248 | 582 | 26.8 | 20.9
3600 273 | 279 | 227 | 267 246 | 554 | 264 | 209
4200 269 | 27.6 | 225 | 26.0 243 | 527 | 26.1 | 20.9
4800 265 | 273 | 223 | 255 241 | 503 | 258 | 21.0
5400 263 | 27.2 | 224 | 25.2 240 | 48.0 | 257 | 211
6000 261 | 27.1 | 224 | 248 239 | 46.0 | 256 | 213
6600 258 | 268 | 221 | 244 236 | 441 | 254 | 211
7200 255 | 265 | 220 | 24.0 233 | 424 | 252 | 210

0 46.3 | 417 | 411 | 257 39.1 | 80.3 | 436 | 187
600 36.3 | 349 | 36.7 | 286 378 | 711 | 399 | 194
1200 326 | 317 | 331 | 276 348 | 64.0 | 36.7 | 194
1800 294 | 285 | 295 | 265 318 | 584 | 334 | 194
2400 27.0 | 263 | 27.0 | 255 29.3 | 53.8 | 30.7 | 193
3000 250 | 243 | 250 | 247 273 | 50.0 | 285 | 193
3600 234 | 229 | 235 | 239 256 | 46.8 | 26.6 | 19.2
4200 223 | 219 | 223 | 233 243 | 443 | 250 | 19.0
4800 214 | 211 | 214 | 228 233 | 421 | 237 | 19.0
5400 20.7 | 205 | 206 | 223 224 | 405 | 229 | 18.9
6000 20.1 | 200 | 20.1 | 219 218 | 39.0 | 219 | 1838
6600 198 | 196 | 19.7 | 215 212 | 378 | 213 | 187
7200 195 | 195 | 195 | 21.2 21.0 | 368 | 21.0 | 187

0 50.1 | 454 | 45.0 | 26.0 384 | 80.4 | 473 | 19.8
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600 39.7 | 386 | 398 | 283 371 | 704 | 436 | 194
1200 36.0 | 351 | 36.2 | 273 344 | 626 | 399 | 195
1800 331 | 323 | 331 | 263 321 | 563 | 365 | 195
2400 309 | 302 | 308 | 254 30.2 | 51.0 | 33.7 | 193
3000 288 | 283 | 288 | 244 285 | 46,6 | 316 | 194
3600 272 | 26.7 | 272 | 237 27.0 | 43.0 | 295 | 193
4200 258 | 254 | 258 | 231 258 | 400 | 278 | 194
4800 245 | 243 | 247 | 226 246 | 376 | 263 | 19.2
5400 234 | 232 | 236 | 222 23.7 | 356 | 250 | 194
6000 223 | 222 | 225 | 216 228 | 340 | 238 | 191
6600 214 | 214 | 216 | 213 221 | 327 | 227 | 19.0
7200 20.7 | 206 | 205 | 21.0 215 | 317 | 219 | 19.0

0 51.1 | 491 | 436 | 27.0 393 | 80.6 | 475 | 195
600 404 | 39.6 | 389 | 287 388 | 70.8 | 429 | 19.7
1200 36.4 | 36.2 | 359 | 275 355 | 633 | 393 | 1938
1800 337 | 336 | 333 | 265 332 | 572 | 364 | 198
2400 315 | 314 | 310 | 255 31.2 | 520 | 340 | 19.7
3000 29.7 | 29.6 | 29.2 | 247 295 | 476 | 32.0 | 195
3600 281 | 279 | 276 | 24.0 28.1 | 439 | 302 | 194
4200 26.7 | 265 | 26.2 | 234 269 | 40.8 | 28,6 | 194
4800 254 | 253 | 25.0 | 229 258 | 382 | 272 | 194
5400 244 | 242 | 240 | 224 248 | 36.0 | 26.0 | 194
6000 235 | 234 | 232 | 221 240 | 342 | 250 | 194
6600 226 | 225 | 223 | 218 233 | 327 | 241 | 194
7200 219 | 218 | 216 | 214 226 | 315 | 232 | 194

0 55.0 | 53.0 | 499 | 26.0 400 | 80.2 | 474 | 19.7
600 421 | 423 | 422 | 29.0 389 | 70.7 | 427 | 19.7
1200 384 | 386 | 386 | 278 36.1 | 63.2 | 39.1 | 19.7
1800 355 | 356 | 355 | 266 336 | 572 | 364 | 1938
2400 326 | 327 | 322 | 257 311 | 522 | 337 | 198
3000 30.2 | 301 | 299 | 248 29.2 | 481 | 311 | 19.9
3600 283 | 28.0 | 28.2 | 243 278 | 447 | 294 | 20.0
4200 265 | 26.3 | 26.6 | 23.7 26.6 | 42.0 | 275 | 19.9
4800 252 | 250 | 254 | 231 256 | 39.7 | 264 | 1938
5400 242 | 240 | 245 | 227 248 | 37.7 | 255 | 19.9
6000 233 | 231 | 236 | 223 241 | 36.1 | 246 | 19.9
6600 227 | 225 | 229 | 219 235 | 347 | 239 | 196
7200 222 | 220 | 223 | 216 23.0 | 334 | 233 | 197
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Table 10 Simulation results for Phase C

Theoretical FR 1.0

Theoretical FR 0.75

Theoretical FR 0.5

Theoretical FR 0.25

Power | Temperature | Power | Temperature | Power | Temperature | Power | Temperature

(P), W | Difference | (P), W | Difference | (P), W | Difference | (P), W | Difference

(ATb-air,mean), (ATb-air,mean), (ATb-air,mean), (ATb-air,mean),
°C °C °C °C
180.0 17.8 188.1 11.9 220.4 11.0 224.5 12.9
220.4 18.7 234.6 12.5 266.9 12.0 258.8 13.9
260.9 19.6 297.3 13.4 331.6 133 293.2 15.0
303.3 20.8 353.9 14.8 396.4 14.9 357.9 16.5
386.2 22.3 444.9 16.4 477.2 16.9 422.6 18.3
465.1 23.9 544.0 18.6 556.1 19.1 499.5 20.0
572.3 26.1 661.3 21.1 671.4 21.8 610.7 22.6
701.7 28.8 796.8 24.5 798.8 25.1 748.2 25.5
835.2 32.0 960.6 28.3 952.5 29.1 914.0 29.1
1027.3 36.0 1144.6 329 1106.2 33.7 1092.0 33.8
1288.2 41.5 1427.7 38.9 1379.2 39.5 1358.9 39.5
1672.4 48.5 1824.0 46.2 1769.4 46.6 1729.0 47.0
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