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Abstract:

This study is intended to examine. the ignition characteristics of a cashew nut shell biodiesel
(C100) along with ethyne (acetylene) as a dual fuel in diesel engine. Cashew nut shell oil is
employed in this study owing to -non-toxic nature, free from sulphur, biodegradable, and free of
aromatics. Ethyne gas was introduced at different flow-rate of 2, 4, 6 litres per minute (Ipm).
Experimental results revealed that duel fuelling ethyne gas to base fuel (C100) at 6 Ipm reduce
18.1% CO, 9.7% HC; 6.87% Smoke with 11.1% increase in NOx emissions. Higher thermal
efficiency was observed for ethyne- biodiesel mixture than neat biodiesel in all flow rates.

Further, the heat release and peak pressure were enhanced by duel fuelling ethyne gas to base

fuel (C100).
Keywords: Performance; Biodiesel; Diesel engine; Emission; Combustion.

1. Introduction


http://crossmark.crossref.org/dialog/?doi=10.1080/09593330.2018.1509888&domain=pdf

Diesel engines are dominating in transportation, agricultural and power sectors due to their
longer reliability higher durability and better fuel economy, under variable conditions compared
to petrol engines. However, hazard emissions (NOy, UHC, PM and smoke) from the diesel
engine causes the ozone depletion, greenhouse effect and human health problems [1]. These
things have triggered the researchers to a renewable energy source, for the solution to prevent the
usage of fossil fuels and hazards environment. At present, the use of biodiesel from vegetable
oils in diesel engine has received a much attention by the researchers since it shall be used in
existing diesel engines without major change [2]. Further, the favorable bio-fuel properties such
as high cetane number and more oxygen by weight have promoted the biodiesel as a promising
alternative fuel [3] .The oxygen content in the biodiesel resulted in fewer emissions (HC, CO and
smoke) compared to diesel. However, the major problem associated with biodiesel is a high
magnitude of NOy emission and lower efficiency at all engine conditions compared to diesel [4].
Many gaseous fuels are employed in a diesel engine as a dual fuelling to improve the drawbacks
of liquid fuels. In this practice, the liquid fuel is supplied to the engine in a traditional manner,

while the fuel (gaseous) is mixed evenly with air.

Many studies has experimented dual fuelling in diesel engine and found reduction in all
emission [4-6, 22-27]. Mohsin et al. [7] investigated the effect of biodiesel (cooking oil waste)
on diesel engine fuelled with diesel and Compressed Natural Gas (CNG) combinations.
Biodiesel (Cooking oil) was fuelled at'5, 10, 15 and 20% to the diesel duel fuel. They found a
drop in NOx emissions for biodiesel than by fuelling CNG. However, NOx emissions were lower
than the neat biodiesel operation. They found a higher measure of HC emissions for biodiesel
operation when compared to neat diesel at all blends. In addition, they also concluded that an
increase in engine power when fuelled with biodiesel and CNG combinations at higher speed.
Ethyne gas is obtained from limestone, coal and water. The properties of ethyne are similar to
hydrogen gas. An abundance studies have been conducted by using ethyne as dual fuel with

diesel and biodiesel and reported the positive combustion and emission characteristics [8-10, 21]

Choudhary et al. [8], Basha and Rao [9], Srivastava et al. [10] employed ethyne in a stationary
diesel engine. They found a significant drop in all the emissions by making use of ethyne as an
additional fuel. However, NOx emissions were found to increase by dual fuelling ethylene. This

work paves a way on exploring the technological feasibility of employing C100 in a diesel



engine. It has high flash and boiling point, low energy density (Volumetric) and vapor pressure
and better lubricating property [3, 12]. India roughly produces 520,000 tons/ year and ranks first
for cashew production) [13, 14]. This study is aimed to examine the ignition characteristics of a
neat cashew nut shell biodiesel (C100) along with ethyne (acetylene) as a dual fuel in diesel

engine.
2. Materials and reagents

2.1. Biodiesel

Biodiesel is produced from raw oil through the transesterification method [31, 32]. This
method utilizes potassium hydroxide (catalyst) and methanol (alcohol). The raw oil is preheated
to 65° C and mixed to a solution containing alcohol and catalyst. The standard molar ratio of oil
and alcohol is 6:1. The resultant mixture is heated above 75°C where the entire methanol present
in the mixture gets evaporated for separation of ester and glycerol. The detailed list of properties
of C100 and diesel is listed in Table 1.

Table 1. Properties of Tested fuels

PROPERTIES C100 Diesel METHOD
Water (%) 0.09 0.004 ASTM D2709
Density @ 18°C (gm/cc) 0.882 0.82 ASTM D4052
Kinematic Viscosity at 35°C 3.85 2.5 ASTM D445
Calorific Vaiue (kJ/kg) 38010 42950 ASTM D240
Cetane Number (CN) 54 46 ASTM D976
o 140 50 ASTM D93
Flash point ("C)
o 10 -17 ASTM D2500
Cloud point ("C)
o 7.9 -30 ASTM D97
Pour point (7C)
C (%) 79 - ASTM D5291
H(%) 9 - ASTM D5291
O(%) 12 - -

2.2. Experimental setup



A 5.2 kW naturally aspirated DI diesel engine is utilized for the experimentation. Figure 1 shows
the schematic of the engine set up and engine specification is shown in Table 3. The test engine
is connected to a dynamometer (eddy current type) for applying loads. The exhaust gases, such
as CO, CO,, NOx, and HC are quantified by using AVL Digas 444 five-gas analyzer [34].
Ethyne gas generator is employed to produce ethyne gas from water and calcium carbide at an
atmospheric pressure. The detailed list of uncertainty percentage of various parameters. is listed

in Table 4.

2.3 Safety Measures taken during the experimentation

The cylinder containing ethyne is held in an upright position. All the necessary actions were
taken to avoid leakage of gas during experimentation. A pressure-reducing regulator is employed
for varying the flow rate of ethyne from the cylinder. The pressure-of the cylinder is maintained
below 15 psi to ensure safety. Approved hoses and fittings were employed during
experimentation. In addition, soapy water was kept ready to-identify any leakage in the cylinder
containing ethyne. Cylinder valve is cracked instantly to blow the dirt out of the nozzles before

attaching the pressure regulator. Table 3 shows the chemical properties of ethyne.



Figure. 1 Photographic of Engine test bench

Table 2. Ethyne Properties

PROPERTIES ETHYNE
Density (kg/m3) 1.06
Self-ignition temperature 596 (K)
Adiabatic flame temperature 2,500 (K)
Calorific value 51,121 (kJ/m3)
Speed of Deflagration 2.31(m/s)
Energy during Ignition 20 (kJ/ kg)

Calorific value

3,314 (kJ/kg)




Table 3. Specification of Experimental Setup

Type Apex Innovation 240PE
Rated Power 5.2kW
Speed 1600 rpm
Diameter 87.5 mm
Length 110mm
Cooling Water
Injection style Pump-line-nozzle
Number of holes 3
Injection timing 21° bTDC

Table 4. List of uncertainty percentage of various parameters

Measured Quantity
Range Uncertainties
Cco 0-5000 ppm +0.5 (%)
HC 0-20000 +0.1 (%)
NOx 0-5000 ppm +0.3 (%)
Smoke AVL 437 +1.1 (%)

3. Results and discussion
3.1. Hydrocarbons [HC]

HC emission for €100, C100 and ethyne (2 Ipm), C100 and ethyne (4 Ipm), C100 and
ethyne (6 Ipm) and Diesel is revealed in Figure 2. HC emission from C100 is inferior than diesel
on account of its percentage of oxygen that leads to improved and complete combustion [3, 15].
HC emissions reduce with a load. Increase in load rises the temperature and lower the HC
emissions as in-the case of CO emission [16]. HC emissions from C100, ethyne (2 Ipm), C100,
ethyne (4 lpm), C100, and ethyne (6 lpm) is lower than C100. Ethyne exhibits higher flame
velocity, which aids the improved combustion and lower HC emissions [17, 21]. Further, ethyne
present in biodiesel exhibit superior flame-speed and improve the combustion process thereby
lowering HC emissions. HC emission is found to be higher for C100 and ethyne (2 lpm)
followed by for C100 and ethyne (4 Ipm) and for C100 and ethyne (6 lpm). This result matches
with different literatures [8-11, 17, 21] that reported similar HC variation of diesel engine



powered by different liquid and gaseous fuel mixture. Overall HC emissions for C100, C100 and
ethyne (2 Ipm), C100 and ethyne (4 lpm), C100 and ethyne (6 lpm) and Diesel is 257, 229, 209,
173 and 284 ppm respectively at all load conditions.
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Figure 2. Variation of hydrocarbon emissions across the engine loads
3.2 Carbon monoxide [CO]

CO emission for C100, C100 and ethyne (2 Ipm), C100 and ethyne (4 lpm), C100 and
ethyne (6 Ipm) and Diesel is revealed in Figure 3. CO emission from biodiesel is lower than
diesel at all loads. Biodiesel contains a higher percentage of oxygen than diesel, which leads to
improved and complete combustion [3, 15]. CO emissions reduce with a load for all the test
fuels. Increase in load rises the temperature; augment the combustion rate and lower the CO
emissions [16].-CO emissions from C100, ethyne (2 lpm), C100, ethyne (4 lpm), C100, and
ethyne (6 Ipm) is lower than C100. Dual fuelling ethyne at different rates increases the
flammability of the mixture and lower CO emissions [17, 18, 21]. In addition, ethyne enhance
the combustion process, lowers CO emission because of its extra energy content, and flame
velocity, and extensive ignition limit [34]. CO emission is found to be higher for C100 and
ethyne (2 Ipm) followed by for C100 and ethyne (4 lpm) and for C100 and ethyne (6 lpm). This

result matches with different literatures [8-11, 17, 21] that reported similar CO variation of diesel



engine powered by different liquid and gaseous fuel mixture. Overall CO emission for C100,
C100 and ethyne (2 lpm), C100 and ethyne (4 Ipm), C100 and ethyne (6 Ipm) and Diesel is 0.27,
0.22,0.16, 0.12 and 0.32 % respectively at all load conditions.
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Figure 2. Variation of Carbon monoxide emissions across the engine loads

3.3. Oxides of nitrogen [NOx]

NOx emission for C100, C100-and ethyne (2 Ipm), C100 and ethyne (4 Ipm), C100 and
ethyne (6 lpm) and Diesel is revealed in Figure 4. With rise in load, the NOx emission is
increased. This is-caused by high in-cylinder temperature with increase in load [3]. NOx
emission from C100 is higher than diesel. The O, present in C100 leads to higher gas
temperature -and higher NOx [15]. During ethyne dual fuelling, NOx emission increases at all
load. The improvement in calorific value of ethyne-biodiesel leads to improved gas temperature
originating NOx emissions [8, 9]. NOx emission is found to be higher for C100 and ethyne (6
lpm) followed by for C100 and ethyne (4 lpm) and for C100 and ethyne (2 lpm). This result
matches with different literatures [8-11, 17, 21] that reported similar NOx variation of diesel
engine powered by different liquid and gaseous fuel mixture. Overall NOx emission for C100,
C100 and ethyne (2 Ipm), C100 and ethyne (4 Ipm), C100 and ethyne (6 Ipm) and Diesel is 3683,
4064, 4352, 4775 and 3112 ppm respectively at all load conditions.
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Figure 4.Variation of oxides of nitrogen emissions across the engine load
3.4. Smoke opacity

Smoke emission for C100, Diesel, C100 and ethyne (2 Ipm), C100 and ethyne (4
Ipm), C100 and ethyne (6 lpm) is revealed in Figure 5. With rise in load, the pressure and
temperature is increased which in turn enhance the combustion and lower smoke [19]. Smoke
emission from C100 is lower compared to diesel. Enhanced oxygen in C100 promotes complete
combustion and significantly reduces the smoke opacity [3, 15]. Smoke emissions from C100,
ethyne (2 Ipm), C100, ethyne (4 1pm), C100, and ethyne (6 lpm) is lower than C100. Dual
fuelling ethyne at different rates increases the flammability of the mixture and lower CO
emissions. The enhanced heat transfer rate and better air-fuel mixing decrease the Smoke
emission of ethyne- biodiesel mode [8, 10, 21]. Smoke emission is found to be higher for C100
and ethyne (2 Ipm) followed by for C100 and ethyne (4 Ipm) and for C100 and ethyne (6 lpm).
This result matches with different literatures [8-11, 17, 21] that reported similar smoke variation
of diesel engine powered by different liquid and gaseous fuel mixture. Overall Smoke opacity
(%) for C100, C100 and ethyne (2 lpm), C100 and ethyne (4 lpm), C100 and ethyne (6 Ipm) and
Diesel is 45.5, 42.8, 37.7, 32.3 and 49.5 ppm respectively at all load conditions.
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Figure 5. Variation of smoke emissions across the engine load

3.5. Carbon dioxide [COy]

Carbon dioxide emission for C100, C100 and ethyne (2 Ipm), C100 and ethyne (4 lpm),
C100 and ethyne (6 Ipm) and Diesel is revealed in Figure 6. With the increase in load, the
pressure and temperature is increased and resulting in higher CO, emission [15]. Biodiesel emits
higher CO, emission than from diesel owing to natural O, existing in C100 [19]. CO; emissions
from C100, ethyne (2 Ipm), C100, ethyne (4 Ipm), C100, and ethyne (6 Ipm) is higher than C100.
The better air-fuel mixing and enhanced heat transfer rate of ethyne-C100 increases the CO;
emission [10, 21, 36]. Further, the introduction of ethyne to biodiesel produces a homogeneous
mixture of fuel and lowers the CO, emission [16, 17, 21]. CO, emission is found to be higher for
C100 and ethyne (6 Ipm) followed by for C100 and ethyne (4 lpm) and for C100 and ethyne (2
lpm). This result matches with different literatures [8-11, 17, 21, 24] that reported similar CO,
variation of diesel engine powered by different liquid and gaseous fuel mixture. Overall CO,
emission for'C100, C100 and ethyne (2 Ipm), C100 and ethyne (4 Ipm), C100 and ethyne (6 Ipm)
and Diesel is 24.3, 25.9, 27.3, 29.2 and 22.4 % volume respectively at all load condition.
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Figure 6. Variation of carbon dioxide emissions across the engine load

3.6 Brake thermal efficiency [BTE]

BTE of C100, C100 and ethyne (2 lIpm), C100 and ethyne (4 Ipm), C100 and ethyne (6 Ipm) and
diesel is revealed in Figure 7. BTE increases with a load for all the fuel. Combustion temperature
increases with load and aids the combustion process and increase BTE [3]. BTE is higher in
ethyne-C100 (2, 4 and 6 lpm) than C100. Ethyne offers a better flame velocity leading to an
improved rate of combustion and higher BTE [9, 10, 21]. BTE is found to be higher for C100
and ethyne (6 lpm) followed by for C100 and ethyne (4 Ipm) and for C100 and ethyne (2 Ipm).
This result matches with different literatures [8-11, 17, 21, 24] that reported similar BTE
variation of diesel engine powered by different liquid and gaseous fuel mixture. BTE for C100,
C100 and ethyne (2 Ipm), C100 and ethyne (4 Ipm), C100 and ethyne (6 lpm) and Diesel is 23.4,
27.6,28.1, 28.6, and 29.3 % respectively at full load condition.

11
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Figure 7. Variation of Brake thermal efficiency across the engine load

3.7 Pressure Rise

The pressure rise of C100, C100 and ethyne (2 lpm), C100 and ethyne (4 Ipm), C100 and ethyne
(6 Ipm) and diesel is revealed in Figure 8. The peak pressure value of C100 is 43.14 bar,
whereas the diesel exhibits 40.23 bar. The increase in the peak pressure value of C100 is due to
longer delay-period associated with oxygenated C100 [11, 18, 27, 28]. It is observed that by dual
fuelling 2, 4 and 6 Ipm of ethyne to C100 observe a considerable increase in Peak pressure.
Faster energy release and high diffusion rate of ethyne attributable to the higher flame velocity of
propagation after ignition and higher peak pressure [19, 20]. Peak pressure is found to be higher
for C100 and ethyne (6 Ipm) followed by for C100 and ethyne (4 Ipm) and for C100 and ethyne
(2 Ipm). This result matches with different literatures [8-11, 17, 21, 24] that found similar

observation of engine powered by different liquid and gaseous fuel mixture.
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Figure 8.Variation of peak pressure with crank angle at 100% load

3.8 Heat Release Rate

The HRR of C100, C100 and ethyne (2 lpm), C100 and ethyne (4 Ipm), C100 and ethyne (6 Ipm)
and diesel is revealed in Figure 9. The experimental result of test fuels indicates that the
maximum HRR value of C100 is lower than diesel. The maximum HRR for diesel and C100 are
49.12 and 36.45 J/degCA. This may be due to longer delay-period of C100, which can increase
the fuel accumulation before the starting of ignition. Further, Diesel has high heating value and
produces-higher HRR [21]. It is observed that by dual fuelling 2, 4 and 6 lpm of ethyne to C100
observe a rise in HRR. Faster energy release and high diffusion rate of ethyne attributable to the
higher flame velocity of propagation after ignition increases HRR [19, 20]. This result matches
with different literatures [18-21] that reported similar heat release variation of diesel engine

powered by different liquid and gaseous fuel mixture.
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Conclusion
A research CI engine was fueled with C100, diesel, and by dual fuelling ethyne gas to base
fuel (C100) at 2, 4, and 6 Ipm. Ignition characteristics of the test fuels have been studied and
analyzed by comparing with the neat baseline diesel. The primary findings of this experimental

study is recapitulated below

e CO emission of diesel is highest among all fuels. However, upon on comparison with
different fuels, C100 and ethyne (6 lpm) has a lowest compared to other fuel probably
owing to high diffusion rate. CO emission is reduced by 9.25%, 16.64% and 18.1%
respectively for C100, ethyne (2 lpm), C100, ethyne (4 Ipm), C100, and ethyne (6 lpm)
when compared to C100.

e HC emission are reduced by 5.44%, 8.14% and 9.72% respectively for C100 and ethyne
(2 Ipm), C100 and ethyne (4 Ipm) and C100 and ethyne (6 lpm) when compared to C100

14



respectively owing to low carbon combustion activation temperature and improved

hydrocarbon oxidation of ethyne

NOx emission is increased for C100 when compared to diesel. However, upon on
comparison with different fuels, C100 and ethyne (6 lpm) has a highest compared to
other fuel probably owing to higher flame velocity of propagation after ignition of
ethyne. NOx emission is increased by 2.21 %, 3.36% and 4.11% respectively for C100
and ethyne (2 lpm), C100 and ethyne (4 lpm) and C100 and ethyne (6 Ipm) when
compared to C100.

Smoke emission are reduced by 3.46%, 5.05% and 6.87% respectively for C100 and

ethyne (2 Ipm), C100 and ethyne (4 Ipm) and C100 and ethyne (6 lpm) when compared to
C100 respectively owing to low carbon combustion activation temperature and improved

hydrocarbon oxidation of ethyne.

CO; emission of C100 is highest than diesel. However, upon on comparison with different
fuels, C100 and ethyne (6 Ipm) has a highest compared to other fuel probably owing to
higher flammability of ethyne. CO, emission is increased by 3.21%, 3.86% and 4.42%
respectively for C100, ethyne (2 Ipm), C100, ethyne (4 Ipm), C100, and ethyne (6 lpm)
when compared to C100.

BTE of C100 is least comparing other fuels. C100 when subjected to addition of ethyne
has a significant improvement in BTE. BTE is improved by 2.1%, 2.8% and 3.01%
respectively for C100, ethyne (2 lpm), C100, ethyne (4 Ipm), C100, and ethyne (6 lpm)
respectively when compared to C100 owing to its higher flammability.

Peak pressure and HRR is higher for C100 than diesel. Further, Peak pressure and HRR is
further increased for C100, ethyne (2 Ipm), C100, ethyne (4 Ipm), C100, and ethyne (6

Ipm) respectively when compared to C100 owing to its higher flammability and higher

flame velocity of propagation of ethyne.
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ABSTRACT

The demand for improved damage control materials to address fire mitigation has led to an interest in
polyurea (PU). The main problem with PU is poor burning properties which produce smoke to the
environment and threaten public health. In order to improve its fire characteristics, PU may be mixed
with flame-retardant (FR) additives. Melamine polyphosphate (MPP) is an FR additive which is a
halogen-free compound and possesses high thermal stability. In this work, FR and thermal property of
PU, with and without the addition of MPP (0%, 5%, 10% and 15% by weight), was studied using
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flammability, limiting oxygen index, smoke density and thermogravimetric analysis as per American
Society for Testing and Materials standards. The results indicate that 10% and above quantities of
MPP with PU have excellent FR, low heat release rate and smoke suppression efficiency.

Introduction

In response to the extensive demands at national and global
levels, liquid storage tanks are designed so as to avoid environ-
mental pollution. For those demands, liquid storage tank under
the harsh environment has always been a felt need and of great
interest to the researchers and scientists [1]. The storage tanks
usually store oil, diesel, biodiesel, liquid hydrogen, industrial
chemicals, petroleum products, etc. These applications are at
risk of fire and explosion due to leakage, fire hazards, etc.
Explosion is a catastrophic failure causing environmental pollu-
tion which threatens public health and leads to society hazard
[2]. To overcome these kinds of explosion scenarios, hazardous
liquid storages to be protected with suitable materials having
flame resistance, low smoke density, toxicity, heat release, etc.
The novel polyurea (PU) is replacing traditional materials such
as metals and ceramics even in an explosive environment. PU is
an intense material from polymer family derived from isocya-
nate and amine; it has desirable properties such as rapid curing,
high bonding strength, no volatile organic compounds, chemi-
cal resistance and excellent mechanical properties [3-6]. PU is
widely used in explosive applications such as aerospace, defence,
marine, chemical, oil and gas industries and hydrogen liquid
storages [7-10]. Despite their many qualities, the effectiveness of
PU is incomplete in the above-mentioned applications due to
ignitability, slight toxicity and rapid heat release [11-13]. In
order to reduce the rate of burning, one of the envisioned
solutions involves enhancing the fire-retardant abilities of the
existing PU. Unfortunately, most of the flame-retardant (FR)
additives are being discarded from commercial usage due to
their persistence, toxic nature, bioaccumulation, human health
and other environmental issues [14,15]. Likewise, the accumula-
tion of FR additives with PU is becoming a serious problem due
to increased smoke discharge while burning. To overcome this
issue, PU is necessary to blend with suitable FR additives like
melamine polyphosphate (MPP) in precise quantities. However,
FR additive blended with commercial PU inventions has not

been elucidated in the open literature [16]. The present work
focuses on the elucidation of the effect of MPP with PU by
conducting thermal analyses to understand the thermal degra-
dation and the fire-retardant properties. The thermogravimetric
analysis (TGA) is carried out (fall of peak heat release rate
[HRR]) to identify the effective proportion of MPP with PU.
MPP is the FR additive chosen because it does not need other
chemical elements to the system, and their mode of action
compliments the polymers. The novelty of this work is to
explore the precise quantities of MPP FR additives with PU to
understand the thermal degradation and the fire-retardant
properties.

Materials and methods

The FR-PU samples were prepared in a beaker by mixing the
various percentages of MPP (0%, 5%, 10% and 15% by weight)
in the diamine oligomer; a homogeneous mixture was attained
by using a high-speed mechanical stirrer. Then, isocyanate was
added to the beaker with vigorous stirring for 30 s and then
poured the mixture into an aluminium mould. The amount of
isocyanate required for the reaction with diamine was calcu-
lated from the equivalent weight of diamine. Some excess
quantity of isocyanate index (1.20) was used to avoid the
chattels loss from environmental factors like humidity [17].
The readied PU samples were cured at room temperature for
12 h and afterwards kept in an oven at 80°C for 24 h to
complete curing [18]. In this work, four different samples
were prepared including pure PU and PU blended with 5%
MPP, PU blended with 10% MPP and PU blended with 15%
MPP by weight which will here forth be referred as PU, PU +
5% MPP, PU + 10% MPP and PU + 15% MPP, respectively.
Flammability testing was done by horizontal burning and
vertical burning method as per American Society for Testing
and Materials (ASTM) D635 on standard specimen of dimen-
sion 125 x 12.7 x 3.2 mm by ATLAS 18-3918. Flammability
rate of the sample is calculated using Equation (1).

CONTACT Arunkumar T @ arunkumar.t@cmrit.ac.in @ Department of Mechanical Engineering, CMR Institute of Technology, Bengaluru, India

© 2019 Informa UK Limited, trading as Taylor & Francis Group


http://orcid.org/0000-0003-4425-2878
http://orcid.org/0000-0003-3868-0382
http://orcid.org/0000-0003-3290-5771
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/14328917.2019.1700331&domain=pdf&date_stamp=2019-12-06

2 (&) ATETAL

mm

-t o

L = Length of the burnt part in mm (75 mm, i.e. 25-100 mm);
T = Time taken for burnt length L in minute. The limiting
oxygen index (LOI) testing is one of the methods to determine
the relative flammability of polymeric materials [19]. LOI is
the amount of oxygen needed in the atmosphere to support
combustion. The LOI test was carried out using a Stanton Red
croft Model FTA-I apparatus as per ASTM D2863 as a speci-
men of dimension 264 mm x 26.4 mm x 6 mm. Smoke
density testing is one of the widely used testing methods for
observing and measuring the relative density of smoke pro-
duced by burning materials [20]. The test was carried out by
SDAS Model SSI516 apparatus as per ASTM D2843 standard
dimension of 26.4 x 26.4 x 6 mm. Thermogravimetric (TG)
and differential scanning calorimetry has been carried out
simultaneously in STA 449 F1 Jupiter® instruments as per
ASTM E1131 under nitrogen gas at 10°C/min of heating rate
over the 50-800°C temperature range. The specimen is taken
10-15 mg and placed in the crucible. All the measurements
were repeated three times to ensure good reproducibility of the
results.

Flammability or Burning rate( —
miniute

Results and discussion
Flammability test

Horizontal and vertical flammability testing was carried out to
determine the comparative burning rate/resistance of PU, PU
+ 5% MPP, PU + 10% MPP and PU + 15% MPP. The
horizontal and vertical burning rate of the PU with and with-
out of MPP is presented in Table 1, and Figure 1 has shown
that the burning rate is reduced with the increase in MPP
content from 5% to 15%. Also, increasing MPP, the mass and

Table 1. Horizontal and vertical burning rate of the PU with and without of MPP.

size of the drops decreased due to increased drop viscosity and
decreased melamine sublimation rate. In horizontal test, the
burning rate of the PU + 5% MPP sample is 3% reduced from
PU. However, burning rate of the PU + 10% MPP and PU +
15% MPP samples is reduced 12% and 23%, which is a note-
worthy effect. Similarly, in vertical test, burning rate of the PU
+ 5% MPP, PU + 10% MPP and PU + 15% MPP samples was
reduced 9%, 18% and 28%, respectively. The elapsed time for
the horizontal sample is greater than the vertical sample due to
upward fire propagation. As a result, 5% of MPP with PU gives
no significant improvement in burning rate in both horizontal
and vertical tests. However, 10% and 15% of MPP were suffi-
cient to bring superior fire retardancy. Overall, the synergistic
effect of MPP in PU is due to chemical bonding between the
components facilitating the lower burning rate [21].

Limiting oxygen index test

All the samples at the starting indicated some similar character-
istics like no charring and dripping. These samples are erratic
burning in nature, and a steady glow was observed when it is
ignited. The percentages of the oxygen index value at normal
room temperature (25 C) of the PU + MPP samples were
extremely varied from PU as presented in Table 1. The LOI
value of PU is 23% when MPP is added into PU, and the LOI
value of PU improved significantly. Furthermore, the FR MPP-
blended PU, i.e. PU + 5% MPP, PU + 10% MPP and PU + 15%
MPP, increases the LOI 8.6%, 30% and 39%, respectively. It is
well known that when LOI <20%, it is ‘self-burning material’;
when LOI >28%, it is ‘self-extinguishing material’; and when
20%< LOI <28%, it is ‘slow-burning material’. The pure PU has
23% which is stated that PU has slow-burning material. As a
result, less than 5% of MPP in PU gives no significant improve-
ment in LOI However, 10% and above amount of MPP was

Horizontal Vertical
Burning rate Burning rate
Sample Burned length ‘L’ (mm) Elapsed time ‘T’ (seconds) (mm/min) Elapsed time ‘T’ (seconds) (mm/min) LOI %
PU 75 230 19.56 129 34.88 23
PU + 5% MPP 75 238 18.90 142 31.69 25
PU + 10% MPP 75 264 17.04 158 28.48 30
PU + 15% MPP 75 300 15 181 24.86 32
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Figure 1. Burning rate of PU and MPP-blended PU.
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Figure 2. Absorbance per cent of PU and MPP-blended PU.
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Figure 3. TGA of PU and MPP-blended PU.
sufficient to bring superior fire retardancy and enhanced to self-  Thermal stability

extinguishing material category.

Smoke density test

Measurements were made in terms of loss of light transmittance
through a collected volume of smoke. All the samples' exit sign
is visible throughout the test. Initially, average absorbance per
cent is gradually increased, and then, it has reached maximum
at the time of 135 s as shown in Figure 2. The absorbance % of
PU, PU + 5% MPP and PU + 10% MPP samples were the same
nature when reaching the peak. However, PU + 15% MPP is
slightly diverged and decreased the absorbance percentage from
PU which means a higher amount of MPP produces heavier
smoke. The smoke density ratings of the PU, PU + 5% MPP, PU
+ 10% MPP and PU + 15% MPP are 62.10%, 65.85%, 67.10%
and 61.62%, respectively; it has been calculated from area in
under the absorption curve.

The thermal degradations of PU and MPP-blended PU sam-
ples were studied to understand the combustion behaviour.
The thermal stability of PU + 10% MPP and PU + 15% MPP
samples was decreased than PU due to more phosphorus
content in a higher quantity of MPP as shown in Figure 3. At
10% mass loss (T1gs, C) for all samples, there is no signifi-
cant change in temperature. The 20% mass loss (T, °C) and
maximum degradation temperature (T,,.,) of samples are
shown in Table 2. However, at high temperature (800°C),
all MPP-blended PU retains higher char residue than PU.

Table 2. Thermal property and char residue of PU and MPP-blended PU.

Sample To00 C Tonax C Char at 800°C, %
PU 318 430 17.45

PU + 5% MPP 308 440 19.45

PU + 10% MPP 298 415 20.45

PU + 15% MPP 278 400 24.8
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Figure 4. Heat release effect of PU and MPP-blended PU.

The entire sample has two-step heat release and is shown
in Figure 4. The results revealed that MPP caused a change in
the HRR during the burning of PU. Interestingly, for MPP-
blended PU, decrease in HRR was observed which can be the
result of a synergistic effect between the FR additives [22]. In
comparison with PU that contains MPP FR, generous
decrease in the peak HRR was observed for all the composi-
tions. The peak HRR of PU, PU + 5% MPP, PU + 10% MPP
and PU + 15% MPP is 1891 + 42, 1575 + 56, 1433 + 61 and
1068 + 39 kW/m®, respectively. The PU + 15% MPP HRR is
43% reduced from PU; it is indicated that 10% and above
MPP is extremely supporting the FR’s action.

Conclusion

This work explored the precise quantities of MPP FR addi-
tives with PU to understand the thermal degradation and
the fire-retardant properties. The burning rate is reduced
with the increase in MPP content from 5% to 15%. During
limiting oxygen test, all the samples have anxious properties
such as severe shrinkage, erratic burning, dripping, no
charring and afterglow. As a result, less than 5% of MPP
in PU gives no significant improvement in LOI. However,
10% and above amount of MPP was sufficient to bring
superior fire retardancy and enriched the PU as self-extin-
guishing material. All the smoke density rating values were
maintained at a level (62.09-65.70%). This is revealed that
the addition of MPP with PU is not influenced the smoke
discharge while burning. Furthermore, at high temperature
(800°C), all MPP-blended PU retains higher char residue
than PU. All these results indicate that the 10% and above
quantities of MPP with PU have excellent FR and smoke
suppression efficiency. To sum up, the MPP is an efficient
halogen-free FR for PU, suggesting that the good dispersi-
bility and compatibility of MPP have improved the flame
retardancy of PU.
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Effect of Filling Ratio and Tilt
Angle on the Performance of
a Mini-Loop Thermosyphon

The thermal behavior of a compact mini-loop thermosyphon is experimentally studied at dif-
ferent filling ratios (20%, 30%, 40%, 50%, and 70%) and tilt angles (0 deg, 30 deg, 45 deg,
60 deg, and 90 deg) for the heat loads of 20-300 W using distilled water as the heat pipe
fluid. The presence of microfins at the evaporator results in an average decrease of
37.4% and 15.3% in thermal resistance and evaporator wall temperature, respectively,
compared with the evaporator with a plain surface. Both filling ratio (FR) and tilt angle
influence the heat transfer performance significantly, and the best performance of the
mini-loop thermosyphon is obtained at their optimum values. The thermal resistance and
thermal efficiency values lie in the ranges of 0.73—0.076 K/W and 65-88.3% for different
filling ratios and tilt angles. Similarly, evaporator heat transfer coefficient and evaporator
wall temperature show significant variation with changes in filling ratio and tilt angle. A
combination of the optimum filling ratio and tilt angle shows a lowest thermal resistance
of 0.076 K/W and a highest evaporator wall temperature of 68.6 °C, which are obtained
at 300 W. The experimental results recommend the use of mini-loop thermosyphon at an
optimum filling ratio for electronics cooling applications, which have a heat dissipation
of 20-300 W. [DOI: 10.1115/1.4043464]

Keywords: loop thermosyphon, filling ratio, tilt angle, distilled water, flat evaporator,
flattened heat pipe

e-mail: somchai.won@kmutt.ac.th

1 Introduction

The need for efficient cooling methodologies is increasing day
by day in various applications such as nuclear reactors, internal
combustion engines, gas turbine blades, air conditioners, refrigera-
tors, rockets, solar heaters, electronic devices, etc. In electronic
devices, the current flow gives rise to heat generation, and hence,
the thermal management is required for improving the reliability
and efficiency of the components. Miniaturization of electronic
devices further enhances the importance of cooling because these
devices produce large heat fluxes from a small area. Hence, the
use of miniaturized electronic devices in their safe operating tem-
perature limits still remains as a challenge.

The use of air or liquid cooling methods is not effective as far as
the large fluxes from the miniaturized devices are concerned. Many
researchers have already suggested heat pipes as a solution to this
challenging problem because boiling and condensation in heat
pipes can give rise to high heat transfer rates [1]. Miniaturized elec-
tronic devices require heat pipes of smaller size to meet the packag-
ing constraints of these devices.

Mini-loop thermosyphon is a special kind of compact thermosy-
phon heat pipe that utilizes the advantages of wickless thermosy-
phon and separate transport lines of loop heat pipe [2]. It
possesses superior advantages such as high heat transfer capability,
no requirement of electricity, minimum floor area requirement, and
less noise in addition to its compact size. A thermosyphon loop
comprises an evaporator, vapor line, condenser, and liquid line.
The vapor from the evaporator flows to the condenser where it is
cooled and returns through the liquid line to the evaporator. Since
no wick is used inside the heat pipe, the pressure losses can be
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kept to a minimum. It is also capable of transferring heat with
high heat fluxes over great distances. The heat transfer depends
on the heat flux, the mass flow rate of vapor, and the properties
of the working fluid used in the thermosyphon loop.

A handful of investigators have worked with different designs of
loop thermosyphon under various operating conditions, and these
works are summarized as follows. Na et al. [3] scrutinized the
heat transfer performance of a closed loop thermosyphon heat
pipe used for cooling multichip cooling modules using analytical
and experimental methods. The heat pipe showed a smooth
change from the transient condition to a steady-state at various
heat fluxes. The experimental results showed a wall superheat of
5-12 °C with a maximum heat flux of 2.5 W/ecm?. It was also
observed that the condenser size is an important factor in determin-
ing the performance of the heat pipe. Gima et al. [4] conducted a
heat transfer study of a loop thermosyphon having four different
boiling surfaces for CPU cooling using fluorinert as the working
fluid. The loop thermosyphon showed a temperature difference of
55°C between the evaporator and ambient at the maximum
heat load of 30 W. The evaporator temperature showed a decrease
of 18 °C when the smooth surface was replaced by a rough
surface.

Sarno et al. [5] performed thermal tests on loop thermosyphon
heat pipes for cooling the seat electronics in commercial aircrafts
using R141b as the heat transfer fluid for the applied heat loads
of 10-100 W. The experiments were repeated at different tilts of
the heat pipe. The printed circuit board of the electronic box had
a maximum temperature of 88 °C at 100 W. The performance of
the loop thermosyphon decreased when the tilt angle increased
beyond 20 deg. Khrustalev [6] investigated the thermal perfor-
mance of two loop thermosyphons having a capillary structure at
evaporator in the vertical orientation using methanol and ethyl
alcohol as working fluids for electronics cooling applications. The
maximum heat transfer capacity of the loop thermosyphon was
found to be 200 W with an evaporator temperature of 68 °C and
the heat pipe reached dry out after 200 W.
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Chang et al. [7] explored the thermal behavior of a loop thermo-
syphon with a thermal resistance model using water as the heat
transfer fluid at different heat inputs (60—140 W) and evaporator
surfaces. The experimental study showed temperature fluctuations
for heat loads of 60-80 W, and it was attributed to intermittent
boiling. It was also observed that the heat load is the major influenc-
ing factor on the thermal performance. Chehade et al. [8] examined
the thermal behavior of a loop thermosyphon heat pipe in a heat
flux range of 4.6-13.9 W/cm? at different filling ratios, condenser
coolant inlet temperature, and flow rates. The experimental results
showed that the optimum filling ratio was in between 7% and
10%, and the optimum values of coolant temperature and flow
rate were 5 °C and 0.7 I/min, respectively.

Franco and Filippeschi [9] reviewed the research works in the
loop thermosyphon and compared the different designs. It was
observed that there is a considerable variation in the experimental
results. This review paper highlighted the need for further experi-
mental research in loop thermosyphon to have a better understand-
ing of the heat transfer phenomenon. Zhang et al. [10] conducted a
visual experimental study and compared the heat transfer character-
istics of a two-phase loop thermosyphon using water and ethanol as
working fluids. Results showed higher thermal resistances with
ethanol as the working fluid. It was also reported that the perfor-
mance can be improved with larger temperature difference,
optimum filling of working fluid, and lower flow resistance.
Gualous et al. [11] analyzed the heat transfer behavior of a loop
thermosyphon using water as a working fluid in a heat flux range
of 1-14 W/cm? and compared the heat transfer coefficient values
at evaporator and condenser with the correlations. A new correla-
tion was also developed, and it showed a variation of +10% with
the experimental data.

Similarly, a few researchers have used nanofluid and other
boiling enhancement techniques in various heat pipes including
loop thermosyphon to enhance the heat transfer [12-23]. It can be
concluded that loop thermosyphon is still an active area of research,
and most of the previous works in loop thermosyphon has been
done with low heat loads (less than 200 W) or low heat fluxes
(less than 15 W/cm?). So, a design satisfying higher heat loads or
heat fluxes is necessary to meet the present and future electronic
cooling requirements. Similarly, only very few researchers have
studied the effect of an inclination of mini-loop thermosyphon on
the heat transfer performance, and more experimental studies are
required to fully understand the heat transfer mechanism. The
heat transfer study at various inclinations is important because
many applications such as electronics in aircraft experience the
change of tilt angle of the heat pipe during their normal operation.
In such situations, the decrease in performance of mini-loop ther-
mosyphon is not acceptable.

Condenser

Vapour line

Reservoir

Evaporator with fins

@)

061013-2 / Vol. 11, DECEMBER 2019

Hence, in the present study, a mini-loop thermosyphon heat pipe
having microfins at the evaporator surface and flattened transport
lines is designed, and its heat transfer performance is analyzed
with the use of distilled water as the heat pipe fluid in a heat load
range 20-300 W (5-75 W/cm?). The experiments are conducted
at different filling ratios to optimize the filling ratio (FR), and the
heat transfer study is also extended at various inclinations of the
mini-loop thermosyphon ranging from 0 deg to 90 deg. Filling
ratio is the ratio of the amount of working fluid filled into the
loop thermosyphon to the total inside volume of the loop
thermosyphon.

2 Experimentation

2.1 Details of the Mini-Loop Thermosyphon. The mini-loop
thermosyphon consists of five parts namely: evaporator, reservoir,
condenser, riser (vapor line), and downcomer (liquid line) as
shown in Fig. 1(a). The complete details of the mini-loop thermo-
syphon elements are given in Table 1. All the parts of the mini-loop
thermosyphon are made of copper. The evaporator is square in
shape and has a dimension of 20 mm x 20 mm. The evaporator
also consists of 18 microfins having a thickness of 0.5 mm,
height of 1 mm, and length of 19 mm on the inner surface of the
evaporator as shown in Fig. 1(b). These fins act like a capillary
structure and also help in increasing heat transfer area and liquid
supply to the evaporator. The presence of fins at the evaporator
also helps in preventing reverse movement of vapor through the
downcomer by increasing the vapor generation rate at the evapora-
tor. A flat evaporator is considered in this study because it offers
lower contact resistance with the heater. The evaporator wall has
a uniform thickness of 1 mm throughout, and it is capable of with-
standing the inside vapor pressure even at high heat inputs (up to
300 W). The reservoir stores and supplies the working fluid to the
evaporator and makes sure that sufficient liquid is always available
at the evaporator even at high heat loads.

Flattened copper pipes are used as transport lines in this mini-
loop thermosyphon, and they are used to reduce the overall thick-
ness of the mini-loop thermosyphon in the horizontal orientation.
The dimensions of the transport lines are uniform throughout
from the evaporator outlet to the reservoir inlet. The flattened
copper pipes are prepared by uniformly pressing the bent circular
copper pipe using a mechanical press. The flattening process is
done slowly and with extreme care to ensure uniform flattening
of the copper pipe. The components of the heat pipe are chemically
cleaned to remove the oily impurities from inner surfaces before
assembling them. The transport lines are joined to the evaporator
and reservoir section by the brazing process.

Liquid line

Evaporator

Resevoir

(b)

Fig. 1 (a) Mini-loop thermosyphon and (b) design of the evaporator
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Table 1 Details of the mini-loop thermosyphon

Specification

Dimension/Material

Working fluid
Filling ratios
Inclinations tested
Total length of the loop
Material of the heat pipe
Evaporator
Outer dimensions
Thickness of the loop
Heater active zone
Wall thickness
Fin dimensions
Distance between fins
Number of fins
Reservoir
Outer dimensions
Transport lines
Inner diameter (ID)
Outer diameter (OD)
Height after flattening
Length in condenser
Condenser
Type
Material
Outside dimensions
Wall thickness
Coolant temperature
Coolant flow rate

Distilled water

20%, 30%, 40%, 50%, and 70%

0 deg, 30 deg, 45 deg, 60 deg, and 90 deg
342 mm

Copper

20 mm x 20 mm

4 mm

20 mm x 20 mm

1 mm

0.5 mmx 19 mmx 1 mm
0.5 mm

18

20 mm x 20 mm

8.5 mm
9.5 mm
4 mm

150 mm

Rectangular box type
Acrylic

140 mm x 60 mm x 40 mm
4 mm

20 °C

20 LPH

The condenser is a rectangular container type water-cooled heat

exchanger, which is prepared with acrylic sheets having a thickness
of 4 mm. The size of the condenser is found to be sufficient for
cooling of vapors even at high heat inputs. The water is supplied
at a constant temperature and flow rate using a chilling unit and a
rotameter.

Mini-loop thermosyphon undergoes a leakage check before the
working fluid is filled into it. In this study, distilled water is used
as the heat pipe fluid. The filling of the heat pipe fluid is done
using a vacuum pumping system, and the working fluid is filled
after expelling all noncondensable gases.

2.2 Experimental Setup. The experimental setup is composed
of following components: mini-loop thermosyphon with the con-
denser, heater and hylam blocks, dimmerstat with ammeter and volt-
meter, thermocouples, chilling unit, cooling water lines, pump,
rotameter, data logger, and personal computer. Figure 2 represents

Cooling
water line

Thermocouple
Liquid line

Reservoir

Heater wires

Fig. 2 Loop thermosyphon-heater assembly in the horizontal
orientation (0 deg)

Journal of Thermal Science and Engineering Applications

the mini-loop thermosyphon-heater assembly. The heater comprises
two cartridge heaters (each having a capacity of 200 W) fitted inside
a copper slab having a square cross section in order to have a
uniform temperature on the top surface of the heater. The heater
is fixed in a hylam block with teflon sheets in between them. The
evaporator of the mini-loop thermosyphon is placed on the heater
top surface with a thermal interface paste in between them.
Thermal interface paste is used to reduce the contact resistance
due to small irregularities on the evaporator bottom and heater
top surfaces. The assembly of heater and mini-loop thermosyphon
is held tightly using a clamp attached to the hylam block. The mini-
loop thermosyphon is shielded with thick thermal insulation of glass
wool that blocks heat loss to ambient. The heat loss from the heater
is blocked by the teflon sheets, hylam blocks, and dense layers of
glass wool. The dimmerstat is used to vary the heat input to the
heater, and the corresponding heat load is measured using the
ammeter and voltmeter.

Figure 3 shows the position of various thermocouples on the loop
thermosyphon-heater assembly along with other components of the
experimental setup. Twelve T-type thermocouples, which have an
accuracy of +0.5 °C, are fixed at the heat pipe surface using an
instrument welder. Two thermocouples namely (7 and 7,) are
placed one on the heater and other at the intersection of the heater
and evaporator. The evaporator temperature is measured using the
thermocouple (73). The thermocouples (T4 and Ts) are placed on
the riser to measure the vapor line temperatures. Three thermo-
couples (Tg, T7, and Tg) are placed in the condenser to measure
the condenser wall temperature. Two thermocouples (79 and T'¢)
are placed on the downcomer to measure the temperature of the
liquid coming to the reservoir. In order to supply cooling water at
20 °C to the condenser, a chilling unit is used. Similarly, the flow
rate of coolant is maintained constant (20 LPH) using a pump and
a rotameter. The entry of water to the condenser is from the
bottom and exit is at the top, and the temperature of the water is
recorded with thermocouples (7, and T7,) at entry and exit. All
thermocouple wires are attached to a data logger (Agilent 34972),
which is in association with a personal computer. The temperatures
recorded by the thermocouples are transferred to the computer
through the data logger, and the computer stores all the temperature
data for later analysis.

2.3 Experimental Procedure. Heat transfer study of the
mini-loop thermosyphon is performed using distilled water as the
heat pipe fluid in a heat input span of 20-300 W at dissimilar
filling ratios and inclinations. First, the filling ratio of mini-loop
thermosyphon is optimized by conducting experiments at filling
ratios of 20%, 30%, 40%, 50%, and 70% in the vertical orientation
(90 deg tilt angle). Second, the heat transfer performance is ana-
lyzed by conducting experiments at various inclinations (0 deg,
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Fig.3 Thermocouple positions along with other components of
the experimental setup
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30 deg, 45deg, 60deg, and 90 deg) for the optimum filling
ratio. Figure 2 shows the horizontal orientation (0 deg) of the
loop thermosyphon-heater assembly. The other orientations can
be achieved by tilting the entire assembly.

The experiments are performed as follows: The mini-loop
thermosyphon-heater assembly is first connected to the dimmerstat,
and all thermocouples are linked with the data logger. The data
logger is set to record all temperatures in every 5s. Cooling
water at 20 °C is allowed to flow through the condensers at
20 LPH, and a preliminary heat load of 20 W is applied using the
dimmerstat. The mini-loop thermosyphon reaches the steady-state
after a couple of minutes, and the steady-state is allowed to continue
for half an hour. Then, the heat input is enhanced with a step of
40 W, and the above process is repeated. The experiment is contin-
ued in the heat load range of 20-300 W, and finally, the heat load is
reduced to zero after the test with 300 W. Each experiment is
repeated thrice on different days, and the mean value of readings
is taken for further analysis. The thermal resistance is calculated
at each filling ratio, and the optimum filling ratio is determined
from the lowest thermal resistance values.

The influence of inclination angle on the thermal performance is
analyzed by performing the experiments at an optimum filling ratio.
The mini-loop thermosyphon-heater assembly is tilted at respective
angles, and cooling water supply is maintained accordingly. Heat
transfer study is conducted as described earlier for each inclination,
and finally, the mini-loop thermosyphon is detached from the exper-
imental arrangement after cooling it.

2.4 Data Reduction. The heat pipe resistance of the mini-loop
thermosyphon (R,) is the ratio of change in temperature from the
evaporator to the condenser to the applied heat input, and it is cal-
culated as in Eq. (1).

T, -T.
Ou

where T, and 7T, are the evaporator and average condenser surface
temperatures, respectively, and Q,, is the applied heat load.

()]

_T()+T7+Tg
_f

T,=T; and Q,=Vx 1, where V and I represent the applied voltage
and current, respectively. T, 77, and Tg are the condenser wall
temperatures.

Evaporator heat transfer coefficient (h,) is the ratio of applied
heat flux at the evaporator to the change in temperature from the
evaporator wall to the vapor, and it is calculated using Eq. (2).

Qa
he = —
Ae(Te - Tve)

T,

(@)

where A, is the inside area exposed to vaporization at the evaporator
and T,, is the temperature of vapor at the evaporator. Since vapor
temperature has not been measured separately, the first vapor line
temperature (7}) is considered as the evaporator vapor temperature.
Similarly, condenser heat transfer coefficient represents the ratio
of heat rejected at the condenser to the product of the area exposed
to condensation and the change in temperature from the condenser
vapor to the condenser wall, and it is calculated using Eq. (3).

Q.

he=——C
] Ac(Tvc - Tc)

3)
where Q. is the heat removed by cooling water at the condenser, A,
is the area available for condensation at the condenser, and 7,,. is the
temperature of vapor at the condenser. In the present work, it was
not possible to fix a thermocouple to measure the vapor temperature
at the condenser as the loop thermosyphon thickness was only
4 mm. It has been observed that the vapors travel fast in the
vapor line, and the difference of wall temperature at the condenser
inlet and vapor temperature at the condenser is almost negligible.

061013-4 / Vol. 11, DECEMBER 2019

The chance for heat loss in vapor line is also negligible as the
loop thermosyphon is covered with the thick layers of glass wool
insulation. Hence, the vapor line temperature near the condenser
inlet (7s) is considered as the temperature of vapor.

Thermal efficiency (7,) of the mini-loop thermosyphon is the ratio
of heat removed at the condenser to condensing liquid to the heat
input at the evaporator, and it is calculated using Eq. (4).

n =2 100 @)

B Qll

Oc =mc(Tio — T1y)

where m, c, Ty, and T}, denote the mass flow rate, specific heat, and
inlet and outlet temperatures of cooling water at the condenser,
respectively.
Effective thermal conductivity of the mini-loop thermosyphon is
calculated using Eq. (5).
L
K,

.= 5
7 Ac/.th ( )

where A is the outer cross-sectional area of the vapor line and L is
the length of the mini-loop thermosyphon from the center of the
evaporator to the center of the condenser.

2.5 Uncertainty Analysis. An experimental study is always
accompanied by an uncertainty analysis because there are uncer-
tainties associated with measuring instruments. The uncertainties
in various derived parameters are calculated as given below. The
heat applied at the evaporator is measured by multiplying the
voltage and current readings from the voltmeter and ammeter.
Hence, the uncertainty linked with the applied heat input comprises
uncertainties involved in the measurements of applied voltage and
current. It is calculated using Eq. (6).

A AV\® (AL

G J(BY) + (2 ©)
Qa 14 I
The uncertainties of the heat pipe resistance of the mini-loop ther-
mosyphon comprise of uncertainties in the measurement of the

applied heat input (Q,,) and the temperature variation from the evap-
orator to the condenser (7,—T,). It is determined using Eq. (7).

AR, (AQa)z N (A(AT)>2 -
R[ Qa ATC’(T
where AT, is the real temperature difference from the evaporator to
the condenser. Since the heat transfer coefficient at the evaporator
and the condenser is obtained from the heat input/heat rejected, cor-
responding heat transfer area and temperature difference, the uncer-
tainties of the heat flux (¢) and the equivalent temperature

differential between the wall and vapor (AT,,) are used to calculate
uncertainty in /4 as in Eq. (8).

Ah [ (Aq)? L (Al 2 ®
h - q ATvs
The uncertainty linked with the thermal efficiency includes
uncertainties in the applied heat input, mass flow rate (mm) of the

cooling water, and the temperature differential between the
cooling water exit and entry (AT,,). It is determined using Eq. (9).

Ay (AQa>2 N (Am)2 N (A(ATW)>2 ©
n Oa m AT,
The uncertainty analysis shows that the maximum uncertainty asso-
ciated with the applied heat input, heat pipe thermal resistance, heat

transfer coefficients (4, and A.), and thermal efficiency of mini-loop
thermosyphon is 1.95%, 2.25%, 2.88%, and 3.1%, respectively.
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3 Results and Discussion

3.1 Influence of Filling Ratio. The filling ratio of the mini-
loop thermosyphon is optimized by conducting the experiments at
the filling ratios of 20%, 30%, 40%, 50%, and 70%. Figure 4
shows the change of the heat pipe resistance of the mini-loop ther-
mosyphon for different heat inputs ranging from 20 W to 300 W at
different filling ratios. It has been observed that the thermal resis-
tance drops when the heat input enhances from 20 W to 300 W. It
is due to the rise in heat transfer from the evaporator end to the con-
denser end. The heat transfer from the evaporator to the condenser is
relied on the vaporization rate and mass flow rate of vapor. At low
applied heat inputs, the heat transfer from the heater to the evapora-
tor is less, and there is a chance of heat loss to the reservoir because
the thermal conductivity of copper is high. At higher loads, more
heat is transferred to the distilled water, and it results in an increase
of the vaporization rate. The increase in vaporization increases the
vapor pressure that pushes the vapor to the vapor line, and it results
in an increase of mass flow rate. The microfins on the inner surface
of the evaporator increase the vaporization rate by providing more
heat transfer area and replace the vaporized liquid immediately with
the incoming liquid due to its capillary action. Since the vapor pres-
sure is high at the evaporator side compared with the reservoir side,
the reverse flow of vapor does not occur through the downcomer.

When the filling ratio increases from 20% to 30%, the thermal
performance also increases, but after 30%, the thermal performance
starts to decrease, which is clear from the increase in the thermal
resistance. It indicates the presence of an optimum filling ratio,
and it is 30% in this mini-loop thermosyphon. It can be explained
as follows: at 20% FR, the amount of the heat pipe fluid is less,
and when vaporization occurs, the refilling process is not sufficient
to remove the heat from the evaporator. But at 30% FR, there is a
necessary quantity of heat pipe fluid at all heat inputs, and it
makes the removal of heat easy. When the filling ratio further
increases to 40% or higher, the amount of heat pipe fluid in the
mini-loop thermosyphon increases, and it results in the accumula-
tion of the heat pipe fluid throughout the loop particularly in the
evaporator. Vaporization will be fast when only a thin layer of
liquid comes in contact with the hot surface. The accumulation of
the liquid delays the vaporization and also affects the flow patterns
that lead to low heat transfer from the evaporator region to the
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Fig. 4 Thermal resistance versus heat load (different filling
ratios)
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condenser region [24]. The capability of transferring the heat
decreases with an increase of volume of working fluid, and it
leads to increment in the thermal resistance. The decrease in varia-
tion of the thermal resistance at larger heat loads is because of the
increased vaporization at all filling ratios.

The FR of 30% shows the lowest heat pipe resistance values at all
heat inputs. The lowest heat pipe resistance is 0.076 K/W, which is
obtained at the peak heat load of 300 W for the 30% FR, and it
shows a reduction of 29% from the value obtained at the same
heat load for 70% FR. The highest values of the heat pipe resistance
are recorded at 70% FR, and it represents the accumulation of the
liquid in the mini-loop thermosyphon, which disturbs the vapor for-
mation, the mass flow rate of vapor, and the condensation phenom-
enon. The surplus liquid in the loop results in the deterioration of
evaporation, incomplete boiling, and destruction of the flow pat-
terns inside the mini-loop thermosyphon. At 30% FR, only suffi-
cient quantity is available, which also helps in providing
sufficient area for condensation. The condensed liquid immediately
flows to the evaporator keeping the condenser surface ready for the
incoming vapors.

The evaporator wall temperature depends on the rate of the heat
removal from the inner surface of the evaporator. The heat removal
rate relies on the FR, properties of the heat pipe fluid, thermal con-
ductivity of the mini-loop thermosyphon material, mass flow rate of
vapor, area available for vaporization, rate of condensation, etc.
Figure 5 indicates the effect of FR and heat input on the evaporator
wall temperature of the mini-loop thermosyphon.

It shows that the temperature of the evaporator wall enhances
with increments in heat input and declines with an increase in FR
until 30% FR. When FR increases above 30%, the evaporator
wall temperature starts to increase for all heat loads. The
optimum FR of 30% gives the maximum heat transfer from the
evaporator by vaporization and immediate refilling of liquid.

Figure 5 shows that the FR plays a main part in deciding the
evaporator wall temperature. For 20% FR, the insufficient amount
of heat pipe fluid leads to increase in the wall temperature, and at
FR above 30%, the excess liquid in the mini-loop thermosyphon
affects the vaporization phenomenon. The excess fluid delays the
vaporization as the supplied heat is utilized for increasing the tem-
perature of the entire liquid in the evaporator. At higher FR, there
are chances of vapor generation from both the evaporator and
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Fig. 5 Evaporator wall temperature versus heat load (different
filling ratios)
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reservoir. The variation evaporator wall temperature escalates with
rise in the heat load for different filling ratios.

The vaporization process absorbs heat from the evaporator and
fins surface and reduces the evaporator wall temperature. When
steady-state is reached, the heat removal from the evaporator
becomes constant as the vaporization process is constant. Since
vaporization process has large heat transfer coefficient values,
high rates of heat transfer are possible with this mini-loop thermo-
syphon. Since the thermal conductivity of copper is high, heat will
be easily transferred to the inner surface of the evaporator. The cap-
illary microfins increase the wetting phenomenon, and hence,
rewetting is faster. But at higher filling ratios, the evaporator, fins,
and reservoir are always filled with water, and this condition does
not favor the high vapor generation [25]. The evaporator tempera-
ture varied in the range of 34.6-68.6 °C for the optimum filling
ratio, and these values represent an average reduction of 9.3% com-
pared with 70% FR. The optimum FR has the lowest temperature of
68.6 °C at 300 W, which represents a reduction of 9.2 °C from the
value at 70% FR. It clearly shows that FR is an important factor
affecting the thermal performance of mini-loop thermosyphon.

Figure 6 compares the heat transfer performance of the mini-loop
thermosyphon having a plain and microfinned evaporator at the
optimum filling ratio of 30%. It can be observed that the presence
of microfins at the evaporator increases the heat transfer area,
thereby reducing the thermal resistance and evaporator wall temper-
ature. The presence of microfins also facilitates the increase of
vaporization rate, and the immediate refilling of the working fluid
by the fast rewetting process due to the capillary action. It also
helps to prevent reverse flow through the liquid line because
more vapors are generated near the vapor line. When a plain
surface is used, the working fluid is spread over the entire evapora-
tor and reservoir. This delays the vaporization process and gives rise
to higher thermal resistance. The mini-loop thermosyphon with
microfins shows an average decrease of 37.4% and 15.3% in
thermal resistance and evaporator temperature, respectively, com-
pared with the evaporator with the plain surface.

Figure 7 represents the change of heat transfer coefficient at the
evaporator of the mini-loop thermosyphon with increases in heat
inputs and filling ratios. It can be observed that the evaporator
heat transfer coefficient escalates with heat load, and the variation
is less at low heat inputs because of the less vapor generation rate
at low heat loads. But, the value of h, increases at higher heat
inputs indicating more vapor formation and heat transfer. The
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Fig. 6 Effect of microfins on the thermal performance
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vaporization is influenced by the heat transfer from the heater
surface to the evaporator inner surface, area of vaporization,
amount of liquid present in the evaporator, properties of the heat
pipe fluid, wettability, and surface structure of the evaporator.
The presence of microfins helps to enhance the available heat trans-
fer area and assists in fast rewetting of liquid by the capillary action.
The low wall thickness of the evaporator keeps the conduction
resistance to a minimum value, and it helps in quick heat transfer.
The evaporator heat transfer coefficient is also influenced by the
number of active nucleation sites on the evaporator inner surface.
The number active of nucleation sites of vaporization depends on
the wall superheat that increases with the heat load. The relation
of the number of nucleation sites and the wall superheat is given
by Eq. (10).

N, &< N(1 = cos )T, — Tyar)° (10)

where the number of active nucleation sites and the number of
microcavities on the surface are represented by N, and N,, respec-
tively. Similarly, € and (T, — Ty, represent contact angle and
wall superheat at the evaporator surface, respectively. Since the
wall superheat increases at higher heat inputs, the vaporization
also increases with an increase in the number of active nucleation
sites.

The value of /. is highest for 30% FR for all heat inputs that show
the influence of FR on £, and need of right amount of working fluid
in the mini-loop thermosyphon to produce the maximum heat trans-
fer. The enhancement in the vapor formation rate increases the
vapor pressure in the evaporator leading to higher vapor flow rate
to the condenser. The increase in mass flow rate of vapor also
directs the return of liquid to the reservoir through the downcomer.
The evaporator heat transfer coefficient values do not show much
variation for the 20%, 50%, and 70% filling ratios, and it indicates
that insufficient and excess liquid in the mini-loop thermosyphon
affect the vaporization, mass flow rate of vapor, and condensation.
The highest &, value observed is 58.6 kW/m> K at 30% FR, which
is 36.1 kW/m> K greater than the value obtained at 70% FR. Even
though heat loss occurs to the reservoir at all heat loads, the fast
vaporization rate at 30% FR for all heat loads immediately draws
liquid from the reservoir. Hence, the preheating of liquid in reser-
voir helps the liquid to reach the saturation temperature quickly
leading to high heat transfer rates.
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Fig. 7 Evaporator heat transfer coefficient versus heat load
(different filling ratios)
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The variation of thermal efficiency of the mini-loop thermosy-
phon with changes in heat load and filling ratio is given in Fig. 8.
The thermal efficiency increases with heat load, and the optimum
FR gives the maximum thermal efficiency for all heat inputs.
Since the thermal efficiency depends on the heat input at the evap-
orator region and heat rejected at the condenser region, the high
thermal efficiency values at high heat loads indicate higher heat
transfer rates. The increase in mass flow rate of vapor increases
the heat rejection at the condenser giving high thermal efficiency
values. The thermal efficiency values lie in the range of 65—
88.3% for all heat loads and filling ratios. The optimum filling
ratio gives the thermal efficiency from 74% to 88.3% for heat
loads of 20-300 W, and it represents an average increase of
12.2% compared with the 70% FR. The thermal efficiency values
indicate that there is heat loss to the reservoir and liquid line
through the mini-loop thermosyphon material and working fluid.
This heat loss decreases the actual heat transferred to the condenser.
Similarly, minute heat loss through the insulation to the ambient
also has to be considered in thermal efficiency analysis. Hence,
the thermal efficiency value is an indication of the actual amount
of heat transferred from the evaporator to the condenser. The
optimum FR gives the maximum thermal efficiency at all heat
loads, and it represents the maximum vapor generation and heat
transfer to the condenser. FR also affects the thermal efficiency
because the heat removed at condenser depends on the vaporization
rate, mass flow rate of vapor, and condensation process itself.

Figure 9 shows the repeatability test conducted under the same
experimental settings with mini-loop thermosyphon at 30% FR
for the heat loads of 20-300 W on four consecutive days. The evap-
orator heat transfer coefficient value is estimated on each day for
various heat inputs, and these values are compared in Fig. 9. The
results of the repeatability test show a maximum variation of
+2.1%, which indicate that the experimental results are repeatable.

Figure 10 compares the thermal performance of the present mini-
loop thermosyphon in the vertical orientation at optimum FR with
other existing loop thermosyphons available in the open literature.
It is to be observed that only the thermal resistance of different
loop thermosyphons is considered in this analysis. The other influ-
encing factors like dimensions of loop thermosyphon, heat pipe
fluid properties, filling ratio, coolant flow rate and temperature,
etc., are not considered in this comparison. This comparison is
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Fig. 8 Thermal efficiency versus heat load (different filling
ratios)
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made to emphasize that the present mini-loop thermosyphon has
lower thermal resistance values compared with the existing loop
thermosyphon designs in the tested heat load range. Hence, the
present loop thermosyphon can be considered as a possible solution
for electronics cooling applications.

3.2 Influence of Tilt Angle. Figure 11 shows the change of
thermal resistance with the tilt angle of the mini-loop thermosyphon
and heat input for the optimum filling ratio of 30%. Thermal resis-
tance shows a decreasing trend with an enhancement in heat load
and inclination of the mini-loop thermosyphon [31]. Since the
filling ratio is the same for all inclinations, it can be observed that
the inclination is also an important factor affecting the heat transfer
of mini-loop thermosyphon. When the inclination increases, the
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liquid flow occurs fast from the condenser to the evaporator to
occupy the space of vaporized liquid. The flow of liquid is compar-
atively slow at lower inclinations, and it slows down the heat trans-
fer process. For the horizontal orientation (0 deg), the mini-loop
thermosyphon stops working after 180 W, which is observed with
a sudden increase in the thermal resistance, and it is due to the
dry out phenomenon occurring at the evaporator. The liquid flow
from the condenser is slow at this inclination because the liquid is
fully distributed in the liquid line, and the effect of gravity is less
in the horizontal orientation. But as inclination increases, the
liquid flows fast to the evaporator to prevent dry out leading to
the normal working of the mini-loop thermosyphon with lower
thermal resistances at higher heat inputs.

The thermal resistance varies from 0.99 K/W to 0.44 K/W for
different inclinations at the lowest applied heat load of 20 W, and
it represents a decrease of 55% for 90 deg inclination compared
with the horizontal orientation. This variation decreases with an
increase in the heat load, and at the highest applied heat load of
300 W, the maximum variation is 0.018 K/W for inclinations
ranging from 30 deg to 90 deg. The best performance of the mini-
loop thermosyphon is observed in the vertical orientation (90 deg)
with the lowest thermal resistances at all heat loads. This confirms
the influence of inclination on the thermal performance of mini-loop
thermosyphon.

Figure 12 shows the influence of the tilt angle and heat load on
the evaporator heat transfer coefficient of the mini-loop thermosy-
phon for the optimum filling ratio. It can be seen that the evaporator
heat transfer coefficient increases with enhancements in the heat
load and tilt angle. The vaporization rate is increased with heat
load for all tilt angles to get higher evaporator heat transfer coeffi-
cients. When the tilt angle is increased, the liquid easily flows to the
evaporator from the condenser, and vapor flow becomes smoother
at higher tilt angles. In all inclinations, a sufficient quantity of
liquid is available for the normal working of the mini-loop thermo-
syphon. It shows that the effect of gravity plays a key part in
increasing the evaporator heat transfer coefficient in vertical
inclination.

The capillary action of the microfins works in all tilt angles to
speed up the rewetting process. Since the heater is present only in
the evaporator region, the boiling rate will be high in this region
even though the heat loss to the reservoir is unavoidable. This
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Fig. 12 Evaporator heat transfer coefficient versus heat load
(different tilt angles)

heat loss to the reservoir acts like preheating and helps to reduce
the boiling time at the evaporator. The optimum filling ratio also
ensures a sufficient quantity of liquid at all tilt angles. The variation
of the evaporator heat transfer coefficient increases with heat input
and tilt angles, and it is due to the changes in liquid supply to the
evaporator, vaporization rate, heat load, and properties of water.
The distribution of the heat pipe fluid on the evaporator surface
inside the liquid line and vapor line greatly affects the values of
heat transfer coefficient in all orientations. A sudden decrease in
the evaporator heat transfer coefficient is observed for the horizontal
orientation after 180 W, and it is due to the partial dry out at the
evaporator with insufficient liquid supply. The heat transfer coeffi-
cient at the evaporator varies in the span of 2.54-58.59 kW/m* K
for the applied heat loads and tilt angles.

Figure 13 is the representation of the variation of the average
condenser heat transfer coefficient with heat load and tilt angle
at the optimum filling ratio. The condensation process is directly
connected with the vaporization process at the evaporator. The con-
denser length is found to be sufficient for condensing all the vapors
reaching the evaporator even at higher heat inputs of 300 W. The
rate of heat rejection at the condenser depends mainly on the vapor-
ization rate at the evaporator as the mini-loop thermosyphon is fully
insulated with thick glass wool. The latent heat absorbed during
vaporization is rejected at the condenser to the cooling water. In
the condenser, the condensation starts when vapors reach the con-
denser inlet, and this process continues until all vapors are con-
densed. Sub cooling of the liquid is also present at lower heat
loads, and it reduces with enhancement in heat load as the full
length of the condenser is utilized for the condensation process.

At higher heat loads, the increase in vapor formation improves
the mass flow rate of vapor as the vapors experience a pushing
effect from the newly generated vapors. The mass flow rate of
vapor, coolant specifications, condenser dimensions, and surface
properties are the major factors affecting the condensation phenom-
enon. The cooling water flow rate and temperature are found to be
sufficient for the condensation of vapors even at high heat loads of
300 W. Since the evaporator heat transfer coefficient value is high
at higher heat inputs and tilt angles, the same trend is observed
for the condenser heat transfer coefficient. A sharp decrease in
the condenser heat transfer coefficient is observed above 180 W
for the horizontal orientation, and it represents the decrease in
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Fig. 13 Condenser heat transfer coefficient versus heat load
(different tilt angles)

condensation. The condenser heat transfer coefficient values range
from 0.41 kW/m” K to 15.49 kW/m® K for different heat inputs and
tilt angles.

Figure 14 indicates the changes in the evaporator surface temper-
ature with an increase in the heat load and tilt angle for the filling
ratio of 30%. It shows that the evaporator surface temperature
decreases with an increase in the tilt angle and increases with an
increase in the heat input. The evaporator wall temperature is influ-
enced by the vaporization at the evaporator as higher vaporization
rate removes more heat from the evaporator surface to give a
lower evaporator wall temperature. The increase in evaporator tem-
perature with an increase in the heat input shows that the increase in
vapor generation rate is less compared with the heat transfer rate
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Fig. 14 Evaporator wall temperature versus heat load (different
tilt angles)
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from the heater to the evaporator surface. When the mini-loop ther-
mosyphon reaches steady-state at any heat load, the evaporator tem-
perature remains the same, and it represents a constant rate of heat
transfer from the evaporator to the condenser. At higher tilt angles,
the flow rate of the liquid increases to the evaporator, and the
incoming liquid to reservoir absorbs heat before the vaporization
process in the evaporator. This increased flow rate increases the
convective boiling in the evaporator-reservoir region to give a
lower evaporator wall temperature. In the horizontal orientation,
the flow of liquid is not fully assisted by gravity that decreases
the flow rate of liquid and increases the evaporator wall tempera-
ture. The sudden increase in the evaporator wall temperature at
220 W shows that the liquid reaching the evaporator is not sufficient
to prevent the temperature increase at the evaporator. The tempera-
ture of the evaporator surface lies in the range of 34.6-68.6 °C for
the vertical orientation of the heat pipe.

Figure 15 shows the change of effective thermal conductivity of
mini-loop thermosyphon for various heat loads and tilt angles at the
optimum filling ratio of 30%. Effective thermal conductivity indi-
cates how quickly the heat can be transferred from the evaporator
to the condenser, and it can be observed that K4 enhances with
heat input and tilt angle. The increase in heat transfer at high heat
loads and corresponding lower thermal resistance values give
high values for the effective thermal conductivity at higher heat
loads. The highest effective thermal conductivity values are
obtained for the vertical orientation of the mini-loop thermosyphon
for all heat loads. The effective thermal conductivities lie in the
range of 2.43-31.5 kW/m K for all heat loads and tilt angles. A
highest value of 31.5kW/mK is obtained for the effective
thermal conductivity with a tilt angle of 90 deg at the peak heat
load of 300 W. A decrease of effective thermal conductivity is
observed at 220 W for the horizontal orientation because mini-loop
thermosyphon experienced a partial dry out.

Figure 16 shows the variation of thermal efficiency with an
increase in heat inputs and tilt angles at the optimum filling ratio
of 30%. It is observed that the thermal efficiency has an increasing
trend with an increase in heat load and tilt angle. Similarly, the value
of thermal efficiency is always below 100%. This indicates that all
the heat applied at the evaporator is not transferred to the condenser
in the form of vapor flow. However, at higher heat loads, more heat
is utilized for the vapor generation, and more heat is transferred to
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Fig. 15 Effective thermal conductivity versus heat load (differ-
ent tilt angles)
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the condenser which gives higher thermal efficiency values. Simi-
larly, as tilt angle increases, the increased flow of liquid to evapora-
tor absorbs more heat from the heater and delivers at the condenser
side to have higher thermal efficiency values. The thermal effi-
ciency values lie in the range of 61.7-88.3% for all tilt angles
and heat inputs. The highest thermal efficiency is observed at
300 W for 90 deg tilt angle with the optimum filling ratio of 30%.
The decrease in thermal efficiency for the horizontal orientation
is due to the slow supply of working fluid to the evaporator
which delays the vaporization and increases the heat loss to other
parts of the heat pipe. It can be seen that heat loss is present in all
inclinations and tilt angles, and it is reduced to a minimum value
at 90 deg tilt angle and higher heat loads. Since the material of mini-
loop thermosyphon is copper and the thermal conductivity value of
copper is high, there are more chances of heat loss to the reservoir
and liquid line. But a maximum thermal efficiency is achieved by
optimizing FR, using vertical tilt angle and higher heat inputs.
These results indicate that both FR and tilt angles are the two
major factors influencing the heat transfer performance of the mini-
loop thermosyphon. The optimum filling ratio for this mini-loop
thermosyphon is 30% of the total volume. Similarly, the best
heat transfer performance is obtained with the tilt angle of 90 deg.

4 Conclusion

An experimental heat transfer study was conducted on a mini-
loop thermosyphon with the use of distilled water as the heat pipe
fluid at various filling ratios and tilt angles. The experimental
results showed the presence of an optimum filling ratio for this
mini-loop thermosyphon, and it is 30% of the total volume. A low-
ermost heat pipe resistance value of 0.076 K/W and ugpermost
evaporator heat transfer coefficient value of 58.6 kW/m~ K were
observed with the 30% FR at 300 W. Similarly, the evaporator
wall temperature showed an average reduction of 9.2 °C, and
thermal efficiency showed an average enhancement of 12.2% at
optimum FR compared with 70% FR. The tilt angle also influenced
the heat transfer performance, and the best performance is observed
with the 90 deg tilt angle at the optimum FR. The evaporator and
condenser heat transfer coefficient values were in the ranges of
2.54-58.59 kW/m> K and 0.41-15.49 kW/m*> K, respectively,
for different tilt angles and heat loads. Similarly, effective ther-
mal conductivity and thermal efficiency were in the ranges of
2.43-31.5kW/mK and 61.7-88.3% for all tilt angles and heat

061013-10 / Vol. 11, DECEMBER 2019

inputs, respectively. The evaporator wall temperature was in the
range of 34.6-68.6 °C for different heat loads in the vertical orien-
tation of the heat pipe. Similarly, a comparison of the plain and
microfinned evaporator of mini-loop thermosyphon showed the
influence of microfins in the improvement of heat transfer. These
results show that the mini-loop thermosyphon is a possible solution
for electronics cooling, and its best performance is obtained when
the optimum FR and vertical orientation are employed. Heat trans-
fer performance of the mini-loop thermosyphon can be improved by
coating nanoparticles at various thicknesses on the inner surfaces of
the evaporator and the loop.
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Nomenclature

= specific heat of cooling water (J/kg K)
= heat transfer coefficient (W/m> K)
mass flow rate of cooling water (kg/s)
heat flux (W/m?)
area of heat transfer (m?)
current (A)
span of mini-loop thermosyphon from the evaporator to
the condenser (m)
T = temperature (°C)
V = voltage (V)
Q. = applied heat input (W)
Q. = heat removed at condenser (W)
R, = heat pipe thermal resistance (K/W)
FR = filling ratio (%)
ID = inner diameter (m)
LPH = liters per hour
OD = outer diameter (m)

N> I a0
1l

Greek Symbols
n, = thermal efficiency of heat pipe (%)

A = change
Subscripts
¢ = condenser

¢/s = cross-sectional
e = evaporator
ec = between the evaporator and condenser
ve = vapor at the condenser
ve = vapor at the evaporator
vs = between vapor and surface
w = water
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