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ABSTRACT

In this study, a closed-loop pulsating heat pipe experimental investigation was done with 1% wt concentration
of cerium oxide/EG-water (60-40) nanofluid. The unsteady state measurement was done to determine the
effect of heat input, filling ratio and evacuation pressure on the thermal performance of the closed-loop
pulsating heat pipe. The thermal performance is assessed in terms of temperature variation, thermal resistance
and effective thermal conductivity of the pulsating heat pipe. The most appropriate behaviour is observed at
0.0799 bar evacuation pressure with 50% FR. The lowermost thermal resistance of 0.116598K/W was
observed at 0.0799 bar evacuation pressure and 50% FR. The effective thermal conductivity value was
observed as 5078.34 W/mK at 50% FR, 0.0799 bar for 80W heat input which is 12 to 13 times better than
pure copper. The pulsation action inside the pulsating heat pipe is verified with the power spectral density
analysis. This study supports the better performance of the heat pipe at 50% FR with a lower evacuation
pressure of 0.0799 bar.

Keywords: Thermal management; Pulsating heat pipe; Nanofluid; Cerium Oxide; FFT.

NOMENCLATURE
A area Te condenser wall temperature
Do pipe diameter Te evaporator wall temperature
| pipe length c condenser
T temperature CLPHP Closed Loop Pulsating Heat Pipe
Qin heat input e evaporator
th thermal resistance FR Filling Ratio
Let  effective length PHP Pulsating Heat Pipe
Ket  effective thermal conductivity
1. INTRODUCTION and structure. In the 1990s, Akachi developed a

passive heat transfer device known as pulsating heat
With the advancement in the electronics and  PiPe (Akachi 1990). The pulsating heat pipe is
semiconductor industry, and encroachment in the  Teferred to as a superconductor owing to its high
manufacturing of these components, the effective thermal conductivity and it helps to

requirement of the compact size of the products can remove the excess heat from the heat source (Nazari
be met, but the increase in heat flux is a challenge €t @l. 2018; Ahmad et al. 2010). The pulsating heat
to thermal management of the cooling system. pipe is constructed with a long capillary tube bent to

Therefore, to meet the cooling demand of the form several turns and filled with the fluids for

industries, research works are going on various different ratios. PHP is classified as an open-loop
novel concepts of cooling technologies. The heat ~ and a closed-loop; if both the pipe ends are joined
pipe is a very efficient compact device that can together, it is a closed-loo_p; otherwise, it is an open
transfer a high amount of heat from a higher loop. Several scholars believe that CLPHP is better
temperature source to a lower temperature source or ~ than others because of the proper circulation of
environment without consuming the outsource  fluid within the pipe (Bastakoti et al. 2018a). The
energy (Li et al. 2020). heat gain on the evaporator is shifted towards the

condenser section, wherever it cools. The existence

The heat pipe technology is developed early in the  of a temperature gradient causes pressure variation
1960s. There have been many changes in its shape
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within the tube, which is responsible for the growth,
generation and collapse of the bubble (slug and plug
generation). PHP does not merely dissipate the
fluid's latent heat though it also dissipates the
liquid's sensible heat. So, the flow of working fluid
in pulsating heat pipe originated due to the
oscillation and phase change phenomenon of the
working fluid. The PHP has various applications in
microelectronics  cooling, solar system and
automotive technology (Qu et al. 2021; Agha
2011).

The researchers performed various experimental
and theoretical analyses to know the PHP thermal
performance. PHP thermal performance is affected
by various parameters, which are, i.e., heat input,
working fluid, Filling Ratio, diameter, orientation,
no of turns, tube material, length of the evaporator,
adiabatic and condenser, evacuation pressure, as
suggested by Bao et al. (2020), Bastakoti et al.
(2018b), Naik et al. (2013), Sun et al. (2017) and
Narasimha et al. (2012), Kwon and Kim (2015).
The working fluid with high conductivity, i.e.,
nanofluid, helps in improving the pulsating heat
pipe thermal performance. The nanofluid is the
fluid in  which metallic and non-metallic
nanoparticle size ranging less than 100 nm is added
to the base fluid with the one-step or two-step
method (Taha-Tijerina 2018). Nanofluids have wide
applications for efficient cooling in electronic
components, space and advanced cooling systems
conferred to Ciloglu (2017). The results showed
that CeO2, Al20s, and their hybrid nanofluids had
higher ~ thermal  conductivity = enhancement
percentages (3.3%, 5.3%, and 8.8%) at volume
conc. of 0.5% and temperature (50°C) for deionized
water (Kamel et al. 2021). Numerous nanofluids
can be employed in PHP.

The presence of nanoparticles in the base fluid
increases the nucleation locations and gets stronger
the nucleation boiling; because of this overall
thermal performance of the heat pipe is increased
(Riehl and Santos 2012). Ciloglu (2017) has done
an experimental study to know the pool boiling
features of cerium oxide nanoparticles. The heat
transfer coefficient in pool boiling increases in the
presence of Ce20 nanofluid. The critical heat flux
increases up to 103% for 0.1 volume%
concentration of cerium oxide nanofluid compared
to deionised water. The critical heat flux is the
location where the overheating arises because the
vapour bubbles completely enclose the heating
surface. The nano-particles conc. also plays a vital
role in thermal performance. Some researchers says
that low conc. of nanoparticles improves the
thermal performance i.e., Jia et al. (2013) look into
the influence of SiO2/H20 nanofluid in PHP. They
found that with high conc. of SiO2/H20 deteriorate
the PHP performance and vice versa. Whereas some
researchers found that a high concentration of
nanoparticles improves thermal performance. Harun
et al. (2019) and Li et al. (2020) reported that the
heat transfer coefficient and thermal performance of
PHP increase as the nanoparticle concentration
increases in the nanofluid. Nine et al. (2014)
investigated the effect of different conc. (0.5-3%)
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wt. with cu/water nanofluid in the PHP. From the
analysis, it was found that with 2% wt.
concentration  nanofluids  shows  optimum
performance. Ramesh et al. (2017) have studied
nanofluid (0.01% CeOq/water volumetric fraction)
for the flat plate water heater. A substantial
enhancement is observed in the performance with
forced circulation compared to the traditional
method at a low volumetric fraction. The thermal
performance increased by 9.3% with the addition of
0.01% volumetric fraction cerium oxide nanofluid;
similar results were reported by Gupta et al. (2019)
and they found that the cerium oxide nanofluids
reduce the wall temperature and thermal resistance
of heat pipe when dispersed with water. Shojaei et
al. (2019) used 60 ppm cerium oxide nanofluid and
5% water with B5 (95% diesel fuel and 5%
Biodiesel) fuels to reduce CO, HC and NOXx
emissions. Cerium oxide nanofluid also applies as
an additive in the B5 fuels.

Krishna et al. (2017) have discussed the use of
Al203 up to 1% with Tricosane in the heat pipe.
Tricosane with a 1% concentration of Al20s3 as
PCM can recover the 53% power utilisation of the
fan. They observed that suitable suspension of
nanoparticles in phase-changing material has a
greater perspective for enhancement in the
conventional energy storage systems. So, the nano-
particles help increases the heat transfer capacity of
the system. Ma et al. (2006 a, b) have studied 1.0%
volume nano-diamond nanofluid in PHP. They
observed the nanoparticle suspension was due to the
fluctuation of the working fluid. The thermal
resistance with nanofluids declines to 0.03 °C/W,
and the thermal conductivity coefficient increases
from 0.5813W/mK to 1.0032W/mK. The shape and
size of nanoparticles are also crucial for heat
transfer capacity. The cylinder shape nanoparticle
contributes to extreme heat transfer performance.
The performance efficiency improvement was
75.8%, and the minimum thermal resistance value
was 0.113°C/W at 200W power input was found at
0.3% volume fraction of nanofluid (Ji et al. 2011a,
b). Zufar et al. (2020) have evaluated the thermal
behaviour of pulsating heat pipe with Al203-CuO
(0.1%wt.) and SiO2-CuO (0.1%wt.) hybrid
nanofluid and also compared it with water. SiO2-
CuO nanofluid demonstrated the lowermost thermal
resistance related to Al203-CuO nanofluid and
water. SiO2-CuO nanofluid shows lowermost
thermal resistance, which was 57% lesser than
water and 34% lesser than Al203-CuO nanofluid at
80W heat input and 60% FR. The lowest thermal
resistance was 0.27 °C/W for SiO2-CuO nanofluid.
The optimal FR for all the heat input and FR was
60%. Hybrid nanofluids show a faster start-up
phenomenon and lower evaporator temperature
difference with a lower thermal resistance (Zufar et
al. 2019). Akbari and Saidi (2019) have reported
that heat pipe material and working fluids
temperature are crucial factors for stabilising the
nanofluids. The more stable nanofluid shows better
thermal performance and less stable nanofluid
shows the worst thermal performance compare to
the base fluid. They also show that there is no
prominent effect of nanofluid on the flow pattern of
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the fluid inside the pipe. The best thermal
performance is observed for titania/water nanofluid
at 70% FR with 70W heat input.

Li et al. (2020) did an experimental analysis of PHP
with graphene-water ethylene glycol nanofluid with
0.1 g/l to 2 g/l for heat input range 10-100W. They
observed that with the increases in the concentration
the thermal resistance decreases and thermal heat

coefficient increases. The response surface
methodology model is employed to improve
thermal performance by lowering thermal

resistance. The nanofluids have many advantages in
heat transfer fields, some disadvantages also exist
such as, when high conc. of nanoparticles are added
to the base fluid; viscosity of the nanofluid
increases and nanoparticles can erode the working
fluid passage (Akbari and Saidi 2019).

The majority of the earlier experimental work was
primarily engrossed in the issues influencing the
behaviour of PHP, i.e., number of turns, working
fluids, conc. and size and shape of the
nanoparticles, heating mode, filling ratio, heat load
and its restriction in the form of evaporator dry-out
and section length etc. the purpose of the current
study is to know the cerium oxide nanofluid effect
on the thermal performance with the varying filling
ratio and evacuation pressure. To the author's
knowledge, there has been no research on thermal
performance with the potential of cerium
oxide/water/ethylene glycol (by volume 40:60) as
occupied fluid within a pulsating heat pipe with
changing evacuation pressure.

This research aimed to learn more about cerium
oxide nanofluid's thermal performance and potential
in the PHP at various filling ratios and evacuation
pressures with varying heat input. The purpose of
the power spectral study was to better understand
the pulsation behaviour inside the heat pipe and
how it affects its thermal performance.

2. EXPERIMENTAL SETUP

A closed-loop pulsating heat pipe setup is designed
for this experiment. The PHP is constructed with a
copper tube and has 5 turns. The internal and
external diameter for PHP is 5mm & 6.8mm,
respectively and pipe thickness is 0.9mm. The inner
diameter should satisfy the criteria specified by Liu
et al. (2015). The copper pipe has a three-zone, i.e.,
evaporator, adiabatic and condenser with lengths of
90mm, 140mm & 60mm, respectively.

The entire setup consists of a PHP, heating element,
DAQ system, temperature measurement system,
evacuation, and the charging system displayed in
Figure 1. The evaporator section is winded by Ni-Cr
wire (500W) to supply power by variable AC power
supply (Variac, SERVOKON type 0-270 & Max
Load- BAMPS) as a heat source. A DAQ system is
used to record the temperature in the computer
using Lab VIEW 15.1 software. The evaporator and
adiabatic section are entirely shielded with glass
wool, and the condensation section is fully open to
losing the heat to the environment. K-type
thermocouples (13 no.) are assembled at various
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positions in the evaporator (5 no.), adiabatic (2 no.)
and condenser section (5.n0.) to measure the
temperature of the heat pipe, as presented in Figure
1. The evaporator section thermocouple positions
are from 1 to 5, condenser section thermocouple
positions are from 8 to 12 and adiabatic section
thermocouple positions are 6 and 7. The condenser
section is covered with a duct and the surrounding
temperature inside the duct is measured by 0
location. The vacuum pump evacuates the CLPHP
for pressure from 0.0799 bar to 1.0132 bar. The
experiments were completed to explore the thermal
behaviour of CLPHP at different pressure (0.0799-
1.0132 bar) and the filling ratio of 30%-90% for
various power inputs (10 W-90 W) with Cerium
oxide nanofluid as a working fluid.
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Fig. 1. (a) PHP schematic (b) Experimental setup
of the pulsating heat pipe (Yadav et al., 2019).
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2.1 Preparation of Nanofluid

Cerium oxide nanoparticles have many industrial
applications, including heat exchangers, heat
transfer, fuel cells and coolant material (Ciloglu
2017). In the present study, cerium oxide/ EG-water
nanofluid was procured by a nano research lab.
Table 1 lists the properties of cerium oxide
nanoparticles. The cerium oxide nanoparticle
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concentration was 1% by weight. The base fluid is a
40/60 volume mix of water and ethylene glycol.
The ultrasonic oscillator is used to mix cerium
oxide nanoparticles in the base fluid to create the
nanofluid. A magnetic stirrer is used to agitate the
nanofluid for 3-4 hours prior to each experiment to
prevent the nanofluid from aggregating on the pipe
wall. As a result, no sedimentation was observed for
4-5 days after the magnetic stirring. The
magnetic stirrer homogenizes the nanofluid and
then filled into the pulsating heat pipe for the
current experiment.

Table 1 Property of cerium oxide nanoparticles

Parameters Value
Colour Light yellow
Particle size 30nm-50nm
True Density 6.5gm/cm?
Bulk Density 1.3gm/cm?
Purity 99.9%
Specific surf area 40-50m?/g

2.2 Procedure

The PHP is evacuated with a vacuum pump, the
pressure is maintained at the required pressure
(0.0799-1.0132 Bar) and the working fluid is
charged. The working fluid volume refers to a 30%-
90% filling ratio (FR). Once the correct filling ratio
volume and evacuation pressure are archived, the
pipe is sealed. The variable power input (10W to
90W) is supplied to the evaporator section through
the heater at different voltages with the help of
variac. The experiments are directed with cerium
oxide nanofluid till the system reaches a steady-
state. The temperature is recorded at various
locations through a DAQ system up to which a
steady state is attained.

3. RESULTS AND DISCUSSION

The experiments have been done with different
conditions, and the CLPHP behaviour is evaluated
in the form of thermal resistance (Ri). A system
can confine heat flow from the system and calc as
given in 'Equation (1)".

T, T,
Ry = eQ <
)

Te is the evaporator, and Tc is the condenser's
average steady-state temperatures as calculated
by 'Equations (2) & (3)".

1 1
T.=2>T,
5% )
8
Tc = 1Z:-I-l
5 12 (3)

1720

Where i is of thermocouples locations on evaporator
(e), condenser (c) and Q is the power supply in the
evaporator section by the heating coil. The heat
input is an essential parameter in generating the
pulsation inside the PHP. The continuous pulse is
caused due to the pressure gradient inside PHP.
However, even though the system has reached a
steady-state, the temperature fluctuations were still
observed in the evaporator and condenser section.
The CLPHP has 5 thermocouples on the evaporator,
2 on the adiabatic section and 5 on the condenser.
The CLPHP is mounted with 5 thermocouples on
the evaporator and 5 on the condenser section and 2
on the adiabatic section. Therefore, uncertainty in
evaporator temperature and condenser temperature
is calculated by given 'Equation (4) & (5)' (Kline et
TQ

al. 1953).
2 2 2 2
2, \2 2 2
T9 Tll
The evaporator and condenser temperature

uncertainty are calculated by ‘'Equation (4)' and
‘Equation (5)', which is approximately 5%.
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The vertical bottom mode heating was done with
evacuation pressures (0.0799 - 1.0132 Bar) and
30% - 90% FR. The effect of many parameters i.e.,
filling ratio, heat input and evacuation pressure with
cerium oxide nanofluid as a working fluid is
discussed next section.

3.1 Effect of Heat Input

The evaporator and condenser wall temperature
fluctuation concerning time is given in Fig.2 at
0.0799 bar and 30%FR. The heat input ranges from
10W-90W in Fig. 2. The temperature rises with an
increase in heat input up to 1000sec. After that, we
can see a pseudo-static condition that appears after
1000sec together for evaporator and condenser
regions shown in Fig. 2. This periodic fluctuation
with time represents the continuous pulsation within
the heat pipe.
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Fig. 2. Evaporator and condenser temperature

variation with time for different heat input at

0.0799 bar and 30% FR.
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It is found that there is higher temperature
fluctuation at high heat input because of the
frequent fluid flow. However, at low power input
(10-20W) less heat flows from the wall to the fluid.
So, fluctuation is significantly less since the
occupied fluid flow is sluggish at low power input
because of lesser energy; fluid takes extra time to
travel from evaporator to condenser and appears as
a straight line.

3.2 Evacuation Pressure Effect on

Temperature

Evacuation pressure plays an essential role in the
thermal performance of the PHP. The saturation
temperature of the fluid decreases at low pressure
and an early boiling phenomenon starts in the
system. So, in the present analysis, the evacuation
pressure is 0.0799 bar, 0.35 bar, 0.6132 bar and
1.0132 bar.

Figure 3 shows the evaporator and condenser
temperature variation with time for 90W heat input
and 30% FR at various evacuation pressure. At low
evacuation pressure of 0.0799 bar, the evaporator
saturation temperature is low compared to other
evacuation pressure; therefore, at low-temperature
fluids start boiling and form bubbles that flow into
the condenser section due to the temperature
difference between the evaporator and condenser
section. In the condenser section, these bubbles
collapse and a pressure gradient exist which helps
in the proper circulation of the fluid. Figure 3(b)
shows that the condenser temperature increases
with a decrease in evacuation pressures because
more heat is transported from the evaporator to the
condenser in the presence of phase change due to
lower saturation temperature at low evacuation
pressure. Therefore, the pulsation effect inside the
pipe is enhanced at low pressure and is responsible
for high heat transfer.

3.3 Effect of Filling Ratio

The fluid's volume fraction inside the pipe is
defined as the filling ratio. The filling ratio is
categorized into three groups, i.e., 0%, 20-90% and
100% FR. 0% FR shows a conduction mode of
heat transfer with higher thermal resistance, and
100% FR shows fewer bubbles form, which makes
it behave like a thermosyphon. 20-90% FR shows
the true working range suggested by Khandekar
(2004). This study was done for FR in the range of
30-90%.

Figure 4 shows the temperature fluctuation with
time at 0.0799bar and 90W with different filling
ratios. The higher temperature fluctuations are
observed at 30% and 50% FR and comparatively
low at 70% and 90%. At 90% FR, there is minimal
fluctuation because fewer bubbles are forming
within the pipe due to the maximum portion of the
pipe being covered with the working fluid.
Conversely, the highest fluctuation encourages the
pulsating effect observed at 50% FR because of
more bubble formation.
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3.4 Evacuation Effect on Thermal

Resistance

Thermal resistance is calculated by using equation
1. The thermal resistance variation with heat input
at different FR with evacuation pressure is shown in
Fig. 5 with standard deviation.

Figure 5 signifies the variation of the thermal
resistance of PHP with increasing heat input. The
thermal resistance declines nonlinearly with
increasing heat input for the entire filling ratio (30%
to 90%) given in Figs. 5(a) to 5(d). The reduction in
the thermal resistance is due to the formation of
vapour bubbles at the liquid-solid interface (Harun
et al. 2019). The lowest thermal resistance is found
at lower evacuation pressure 0.0799 bar which is
0.132243 K/W at 90W, 0.116598K/W at 80W,
0.131791K/W at 90W and 0.125142K/W at 60W
for 30%, 50%,70% and 90% respectively. PHP
shows asymptotic thermal resistance behaviour at
lower vacuum pressure and the trend of thermal
resistance is approximately similar for all the filling
ratios at atmospheric pressure. The minimum
thermal resistance is observed at 50% FR and
0.0799 bar for 80 W compared to other filling
ratios. The minimum thermal resistance value for
0.0799 bar at 80W are 0.116598K/W,
0.159827K/W, 0.173731K/W and 0.224581K/W for
50%, 30%, 70% and 90% respectively. A small
variation in thermal resistance is found at lower
heat input (10W to 40W). Beyond 40W heat input,
variation in thermal resistance is more due to
intermittent motion of the fluid inside the PHP.
Because the working fluid temperature is higher
than the saturation temperature, causing a better
pulsating effect inside the heat pipe.

3.5 Evacuation Pressure Effect on Effective
Thermal Conductivity of PHP

The thermal behaviour of PHP is shown in terms of
effective thermal conductivity. The heat input effect
with various filling ratios and evacuation pressure
on the effective thermal conductivity is displayed in
Fig. 6 with standard deviation. Kest for the PHP is
calculated by Equation 9 (Jung et al. 2020 & Kwon
and Kim 2015).

Qi X L
Ax (Te,avg _Tc,avg )

eff

(®)

L, +L,
Leff = La +% (7)
A= Zn% D,? ®

Effective thermal conductivity variation with heat
input at unlike evacuation pressure with FR is
displayed in Fig. 6. PHP effective thermal
conductivity increases with increased heat input
shown in Fig. 6. The effective thermal conductivity
variation with heat input is nonlinearly at 0.0799
bar, whereas it is approximately linear for all the
pressure (0.3466 bar, 0.6133 bar and 1.01325 bar).
The highest effective thermal conductivity value is
5078.337W/mK at 50% FR with 0.0799 bar at 80W,
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which means it is working 12 to 13 times better
than pure copper (Mameli et al. 2014) for all the
FR, the highest Kest is at 0.0799 bar evacuation
pressure. This is because there is a low-temperature
difference between the evaporator and the
condenser sections.
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Fig. 5. Thermal resistance variation for different
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3.6 Effect of Evacuation Pressure on
Pulsation Frequency of PHP

The PSD investigation is conducted to identify the
recurrent behaviour of a temperature fluctuation.
The motion of the fluid is considered random when
the power spectral is asymptotic and continuous. In
contrast, it is periodic when it follows the Sharpe
peak spreading at a leading frequency (Narasimha
et al. 2012). The PSD investigation of temperature
fluctuation in the steady-state region (beyond 1800
seconds) for the condenser section was done. The
leading pulsation frequency and their magnitude are
shown in Fig. 7 and Fig. 8 respectively, at a
different evacuation pressure and FR from 30 to
90%. The leading frequency and magnitude are
observed after the 40W heat input. At this heat
input range, fluid reaches its saturation point for its
evacuation pressure, as discussed in Fig 5. The
dominant frequency is higher at higher heat input
and increases with decrease in evacuation pressure.
Figures 7 and 8 show the higher leading frequency
and their magnitude at 50% FR followed by 70%
and 30% because the temperature fluctuation at
50%, 70%, and 30% FR are higher, as displayed in
Fig.4 (b). Due to this, higher thermal and
conductivity minimum thermal resistance is found
at 50%, with a 0.0799 bar given in Figs. 5 and 6.

The spectral power density variation with frequency
is given in 9 (a) & 9 (b) for 80W heat input with
50% FR and 0.0799 bar and 1.01325 bar pressure.
The frequency range was observed from 0-0.02 Hz.
The leading frequency for Fig 9 (a) is 0.000541 Hz
with a magnitude of 2.3, followed by the second-
leading frequency observed at 0.001354 Hz with a
magnitude of 1.13. The lower frequency value
shows long vapour plug and liquid slug distribution
in the PHP. Figure 9(b) shows the single leading
frequency of very low magnitude (0.061) at the
evacuation pressure of 1.01325 bar, which is about
18 times lesser than the second leading frequency
magnitude at 0.0799 bar, reveals that the thermal
performance of heat pipe at 0.0799 bar at 50% FR is
better. This is also verified with temperature
fluctuations with time at the same conditions as
shown in Figure 10. The higher temperature
fluctuations are observed at 0.0799 bar than
1.01325 bar.

4. CONCLUSION

The transient experimental measurement analysis of
PHP was done to examine the pulsating heat pipe
performance with cerium oxide/EG-water (60-40)
nanofluid. The evacuation pressures, filling ratios,
heat input and PSD analysis estimate the PHP's
performance. The pulsation effect within the PHP
was verified by temperature measurement at
different locations with time at other operating
conditions. The performance of the pulsating heat
pipe is estimated by calculating the thermal
resistance, effective thermal conductivity and
dominant pulsation frequency and their magnitude.
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The higher heat resistance is found at
lower heat input of 10W-20W because, at
too low heat input the nanoparticles settle
down in the evaporator section

The time duration of the steady-state of
the pulsating heat pipe is larger at low
heat input of 10W and lesser at high heat
input of 90W. The strong pulsating effect
is observed at 50% FR.

PHP's thermal resistance declines with
rising heat input at the same evacuation
pressure for different FR. The lowermost
value of thermal resistance is perceived at
0.0799 bar evacuation pressure which is
0.132243 KI/W, 0.116598K/W,

1725

0.131791K/W and 0.125142K/W for
30%, 50%, 70% and 90% respectively.
The effective thermal conductivity rises
with rising heat input and evacuation
pressure. The operating performance of
the pulsating heat pipe is found better at
0.0799 bar evacuation pressure with the
highest effective thermal conductivity
value of 5078.337W/mK at 50% FR.

The high pulsation frequency and
temperature fluctuation are responsible
for the better performance of pulsating
heat pipe.
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