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Heat Transfer Performance
of a Glass Thermosyphon Using
Graphene–Acetone Nanofluid
This study presents an enhancement in the heat transfer performance of a glass thermosy-
phon using graphene–acetone nanofluid with 0.05%, 0.07%, and 0.09% volume concen-
trations. The heat load is varied between 10 and 50 W in five steps. The effect of heat
load, volume concentration, and vapor temperature on thermal resistance, evaporator
and condenser heat transfer coefficients, are experimentally investigated. A substantial
reduction in thermal resistance of 70.3% is observed for the maximum concentration of
0.09% by volume of graphene–acetone nanofluid. Further, an enhancement in the evapo-
rator heat transfer coefficient of 61.25% is observed for the same concentration. Also
from the visualization study the different flow patterns in the evaporator, adiabatic, and
condenser regions are obtained for acetone at different heat inputs.
[DOI: 10.1115/1.4030479]
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1 Introduction

Thermosyphons are two-phase heat transfer devices, suitable to
transfer heat from the source to the sink, due to the phase change
of the working fluid assisted by gravity effect. The evaporator sec-
tion is filled with certain amount of working fluid which vapor-
izes, when the heat input is supplied and the vapor passes through
the adiabatic section and gets condensed in the condenser section.
The condensed liquid falls back to the evaporator through the
walls of the thermosyphon due the action of gravity. Thermosy-
phons are used in many applications [1,2] for dissipating heat
from various engineering systems including electronic cooling
like computers, laptops, notepads and also in solar energy sys-
tems, air cooling, waste heat recovery, and in air preheating sys-
tems. For decades the application of thermosyphon in thermal
management have been studied and they are proven to be an effec-
tive, reliable, light-weight, low-cost heat transfer device. How-
ever, the use of convectional heat transfer fluids such as de-
ionized (DI) water, methanol, ethanol, etc., in thermosyphon pos-
sess limited heat transfer capabilities [3], since the thermal con-
ductivity of these conventional fluids is very low when compared
with that of the solids. The use of these low thermal conductive
fluids in thermosyphons is a limitation to meet the present day
heat removal requirement of modern electronic devices. The idea
is to disperse solid nanoparticles in the working fluid to overcome
this limitation and to improve the thermal conductivity. Thus, the
nanofluids emerged as an alternative for convectional heat transfer
fluids. Studies [4,5] proved that the use of nanofluid reduces the
thermal resistance and there by increases the thermal conductivity.
Longo and Zilio [6] measured thermal conductivity of Al2O3–-
water (1–4% particle volume concentration) and TiO2–water
(1–6% particle volume concentration) nanofluid at temperature
ranging from 1 to 40 �C, using transient hot disk TPS 2500 S appa-
ratus having a maximum uncertainty of k is equal to 2 W/mK,
lower than 65.0% of the reading. The result showed that the ther-
mal conductivity enhanced from �2 to 16% and from �2 to 23%

with reference to pure water. Baby and Ramaprabhu [7] measured
the thermal conductivity of graphene/DI water nanofluid for tem-
perature ranging from 25 �C to 50 �C using the Decagon KD2 Pro
thermometer. The probe sensor used for these measurements is of
length 6 cm and of diameter 1.3 mm. The overall uncertainty in
thermal conductivity was less than 4% including temperature vari-
ation. The result showed an enhancement in thermal conductivity
by about 14% at 25 �C with DI water as the base fluid at a very
low volume fraction of 0.056% and increases about 64% at 50 �C.
The factors affecting the thermal conductivity of nanofluid include
the particle size, temperature, volume fraction, and interfacial
layer [8]. To ensure optimal and stable steady-state operation, the
thermosyphon should be optimally filled. An optimally filled ther-
mosyphon has shorter response time and lowest thermal resistance
and it also prevents breakdown of the liquid film [9].

Noie et al. [10] investigated the heat transfer enhancement of
two-phase closed thermosyphon (TPCT) using pure water and
nanofluids of aqueous Al2O3 nanoparticles suspensions with vari-
ous volume concentrations varying from 1–3%. The TPCT made
of copper tube with internal diameter of 20 mm, 1 mm thickness,
and 1000 mm in length of which evaporator and condenser sec-
tions had 350 and 400 mm length were used. The electric heaters
around the evaporator section were made of a nickel-chrome wire
having nominal power of 1000 W. Experimental results showed
that for different heat input powers, the efficiency of the TPCT
increases up to 14.7% when Al2O3/water nanofluid was used
instead of pure water. It was reported that the thermal resistance
of the TPCT when charged with nanofluids was found to be less.
It was suggested that the heat transfer enhancement in TPCT by
nanofluid greatly depends on particle type, particle size, base
fluid, and bubble nucleation size.

Huminic et al. [11] investigated the thermal performance by the
use of solid nanoparticles added to water as the working fluid in a
thermosyphon. The thermosyphon made of copper tube of 15 mm
outer diameter and 2000 mm in length was used. The temperature
of heating water from the evaporator section was kept constant by
a thermostatic bath (GD 120-S26) and the operating temperature
varied between 50 and 90 �C. However, the cooling water from
the condenser was kept constant at 20 �C by a thermostatic bath
(Haake C10-P5/U) with an uncertainty of 60.04 �C. The tested
concentration levels of nanoparticles were 2% and 5.3%, and the
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results showed that the addition of 5.3% (by volume) of iron oxide
nanoparticles in water showed improvement in thermal perform-
ance compared with the operation with DI-water. Kang et al. [12]
investigated the thermal performance of a conventional 211 lm
wide� 217 lm deep grooved circular heat pipe with 35 nm diame-
ter silver nanoparticles dispersed in water as a working fluid. The
tested silver nanoparticles concentrations ranged from 1 mg/l to
100 mg/l. The results showed that the thermal resistance decreased
10–80% compared to DI-water for an input power of 30–60 W.
The study also reported that the thermal resistances of the heat
pipe decreased as the silver nanoparticles size and concentration
increased. Asirvatham et al. [13] investigated heat transfer per-
formance of silver nanoparticles with very low volume concentra-
tion ranged from 0.003% to 0.009% with an average nanoparticles
diameter of 58.35 nm in heat pipe. The reported results showed a
reduction in thermal resistance of 76.2% for 0.009 vol. % concen-
tration of silver nanoparticles. Further, an enhancement in the
evaporation heat transfer coefficient of 52.7% was observed for
the same concentration. The use of nanoparticles enhanced the
operating range of heat pipe by 21% compared with that of DI
water.

Karthikeyan et al. [14] experimentally investigated the thermal
performance of TPCT using distilled water and aqueous solution
at different inclinations. The thermosyphon was tested for the
inclinations of 45 deg, 60 deg, and 90 deg to the horizontal. A cop-
per thermosyphon having a length of 1000 mm, with an inner and
outer diameter of 17 mm and 19 mm with evaporator and con-
denser lengths of 400 mm and 450 mm were used. The thermosy-
phon was tested for different heat inputs ranged between 40 W,
60 W, and 80 W with an evaporator charge ratio of 60%. Results
showed that the efficiency of thermosyphon is better for aqueous
solution than that of the distilled water for all inclinations, heat
input and flow rates. The efficiency was higher in vertical position
than in the inclined position. The lower inclination reduced the
efficiency due to the obstruction of vapor with condensate return
from the condenser. The efficiency was higher for 40 W heat input
than at 60 W and 80 W heat inputs. Mozumder et al. [15] tested
the thermal resistance and overall heat transfer coefficient of a
miniaturized heat pipe with 5 mm diameter and 150 mm length
heat pipe with water, methanol, and acetone as the working fluid
with 35%, 55%, and 100% filling ratios. The heat pipe was tested
at different heat load raging from 2 W to 10 W with an increment
of 2 W. The result showed that the overall heat transfer was higher
for acetone and the thermal resistance was lower. It was reported
that 100% fill ratio of evaporator volume showed a best result
with minimum temperature difference across the evaporator and
condenser for acetone. It was suggested that, generally the fill
ratios of working fluid greater than 85% of volume of evaporator
show better results in terms of increased heat transfer coefficient,
decreased thermal resistance, and reduced temperature difference
across the evaporator and condenser. Naphon and Assadamongkol
[16] experimentally investigated the performance of heat pipe by
the use of nanoparticles suspended in refrigerant and found that
the heat pipe with 0.1% concentration of nanoparticles operated
with efficiency 1.40 times higher than that with pure refrigerant.

It has been clearly observed from the above mentioned litera-
ture that the studies on heat transfer performance of thermosy-
phons using nanofluids are relatively small. It was also observed
that most of the previous works that have been performed to find
the heat transfer performance of thermosyphon made of copper or
aluminum material. Since the copper and aluminum are not trans-
parent, it is not possible to visualize the two-phase moment of the
heat transfer fluid from the evaporator to the condenser inside the
thermosyphon. Moreover, all the previous experiments have been
conducted by measuring only the wall temperature to evaluate the
heat transfer performance of thermosyphon and, so far no work
has been reported till date to measure the vapor temperature inside
a thermosyphon in the evaporator and in the condenser regions to
predict the difference between the wall and vapor temperature and
to find out the convective heat transfer coefficient in evaporator

and condenser sections. Also, no visualization study has been
reported to realistically visualize two-phase flow pattern inside a
thermosyphon. For this purpose, a low boiling working fluid (ace-
tone) is chosen as the heat transfer fluid. The boiling point of ace-
tone at standard atmospheric pressure is 56 �C. Since the pressure
maintained inside the thermosyphon is below 0.5 bar, so the ace-
tone boils even at a temperature below 40 �C. Hence the present
study aims at manufacturing a thermosyphon made of borosilicate
glass to know what is happening inside a thermosyphon, and to
visualize the two-phase flow pattern in the evaporator, adiabatic,
and condenser sections at different heat loads. Some visualization
study [17] was performed in closed loop pulsating heat pipe with
R-123 as working fluid. The knowledge of flow pattern in a ther-
mosyphon is essential to understand the heat transfer characteris-
tics when designing the thermosyphon according to the specific
application. Hence a dedicated visualization study of the flow pat-
tern in a two-phase thermosyphon is conducted with acetone as
the working fluid. Also the thermal performance of glass thermo-
syphon with acetone and graphene–acetone nanofluids with
0.05%, 0.07%, and 0.09% volumetric concentrations with heat
load varying from 10 W to 50 W are studied. The effect of heat
load on the quantities such as thermal resistance, axial tempera-
ture distribution, evaporation, condensation heat transfer coeffi-
cients, effective thermal conductivity, etc., are experimentally
analyzed on the basis of vapor core and wall temperatures and
presented.

2 Experimentation

2.1 Experimental Setup. The study of heat transfer perform-
ance and visualization of flow patterns at different heat inputs are
performed using the experimental setup shown in Fig. 1. The ex-
perimental setup consists of glass thermosyphon filled with work-
ing fluid, water-cooled condenser section, thermocouples, heater
connected to a variac, glass wool insulation, and data logger con-
nected to a computer. The thermosyphon is made of borosilicate
glass that has an outside diameter of 12 mm and a wall thickness
of 2 mm. The total length of heat pipe (310 mm) is divided into an
evaporator section of 90 mm, adiabatic section of 100 mm, and
condenser section of 120 mm. The length of condenser section is
selected in such a way that its length is sufficient enough to

Fig. 1 Schematic diagram of experimental setup
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condense all the vapors coming to it. A charging ratio equal to
80% of the evaporator volume is used for both working fluids.
The condenser is also made of borosilicate glass, and it enclosed
the condenser section of the heat pipe. Cooling water kept a con-
stant temperature of 25�C with the help of a chilling unit and is
used as the coolant. The constant flow of coolant (205 ml per mi-
nute) is maintained using a pump, and the flow rate is measured
with a flow meter having an uncertainty of 610 ml. To measure
the temperatures at different regions of the heat pipe, cooling
water inlet, and cooling water outlet, eight T-type thermocouples
are used. The positions of the thermocouples have been clearly
indicated in Fig. 1. These thermocouples have an uncertainty of
60.5�C. The thermocouples on the heat pipe are fixed so that they
will give the outer wall temperature of the heat pipe. The vapor
temperatures at the evaporator and condenser are also measured
by inserting thermocouples into the heat pipe, and the places
where thermocouples are inserted were properly sealed to main-
tain the vacuum inside the heat pipe. Two thermocouples were
used at each section of the heat pipe to measure the wall tempera-
tures. Cooling water inlet and outlet temperatures are measured
using T9 and T10 thermocouples. To give the heat input to the
evaporator, a heater coil is wound around the evaporator which, in
turn, is connected to a variac with wattmeter having an uncer-
tainty of 60.5 W. An AC supply of 220 V is used as the power
source. The thick layer of glass wool insulation is used to prevent
any heat losses from the heat pipe to the ambient. All tempera-
tures measured at different heat loads are recorded in a computer
by connecting a data logger in between the thermocouples and
computer. A data logger of Model-(DA100-13-1F), Yokogawa-N
200 is used for this purpose. For visualization of the flow patterns
in the heat pipe at different heat loads, a Canon 60D DSLR cam-
era is used.

2.2 Experimental Procedure

2.2.1 Nanofluid Preparation. The graphene–acetone nanofluid
is prepared by a two-step method that involves adding graphene
nanoparticles into acetone and mixing it with a sonicator. The
graphene nanoparticles used in this study were purchased from
Skyspring Nanomaterials (Houston, TX), with the product number
0541DX. The size of nanoparticles is in the range of set 6–8 nm. The
volume fractions used in this study are 0.05, 0.07, and 0.09%. The
mass of nanoparticles corresponding to the volume concentration is
measured using a weight balance that can measure weight as low as
0.001 g. No surfactant is used in the preparation of the nanofluid.
The sonicator used in this study has a sound frequency of 85–95
kHz. The graphene–acetone mixture sonicated for 25 minutes gives
the nanofluid. The nanofluid prepared for a volume fraction of
0.009% is used for the stability test. Photos taken for seven hours on
seven days are shown in Fig. 2. From the visual observation, it can
be seen that the graphene–acetone nanofluid is very stable for seven
days. So it is assumed that the nanofluid is stable throughout the
experiments. The nanofluid is prepared just before the filling process,
and the heat pipe is immediately tested after filling. Characterization
of nanoparticles is done using scanning electron microscope (SEM)
images. One image taken at a magnification of 1500X for 0.09% vol-
ume concentration is shown in Fig. 3. The image clearly indicates
some amount of agglomeration in the nanofluid even though nano-
particles are well distributed in acetone. The spread-out sheet-like
structure of graphene is also clearly visible in the SEM image.

2.2.2 Performance Test. The experiments are conducted using
four identical thermosyphons in vertical position, which are fabri-
cated as per the mentioned dimensions in Fig. 1. One of the ther-
mosyphons is filled with acetone, and the remaining three
thermosyphons are filled with three different volume concentra-
tions of graphene–acetone nanofluid. All four thermosyphons are
tested under identical operating conditions, such as inlet tempera-
ture, mass flow rate of the cooling water circulating through the
condenser section, and the power input to the evaporator. The

steady-state vapor and wall temperature readings are recorded
using a data acquisition system. The input heat load is incre-
mented gradually in equal steps from 10 to 50 W.

2.2.3 Visualization Study. Visualization of the flow pattern is
carried out by using the glass thermosyphon with acetone as the
working fluid. The thermosyphon is placed vertically, and the cool-
ing water is circulated at a constant flow rate of 205 ml per minute
through the condenser section and a constant temperature chilled
water bath is used to maintain the inlet temperature of the circulat-
ing cooling water in the condenser at 25�C for various heat loads.
The heat input is supplied to the thermosyphon using a digital watt-
meter connected to an electric heater wound on the evaporator sec-
tion. A high-resolution Canon 60D DSLR camera is used to record
the flow pattern inside the evaporator, adiabatic, and condenser sec-
tion of the thermosyphon for a heat load from 10 to 50 W.

2.3 Data Reduction. The performance of a heat pipe can be
determined by calculating its thermal resistance. Thermal resistance
is the ratio of temperature difference between the evaporator and
condenser to the applied heat load as given in Eq. (1). In the case of
a thermosyphon heat pipe, the temperatures are wall temperatures of
the evaporator and condenser and the heat transferred is the applied
heat load. Thermal resistance of thermosyphon (RT) is given by

RT ¼
Te;w � Tc;w

Q
(1)

The heat transfer coefficient at the evaporator is another term
used to compare the heat transfer at the evaporator section of the
thermosyphon. The equation of the heat transfer coefficient comes
from the equation of convective heat transfer. In the evaporator,
heat is transferred from the evaporator wall to the working fluid.
The temperatures of the surface (Te,s) and vapor (Te,v) at the evap-
orator are used to calculate the heat transfer coefficient using Eq.
(2). The evaporator heat transfer coefficient (he) is given by

he ¼
Q

AeDTe

(2)

where

Ae ¼ pdele DTe ¼ Te;s � Te;v:

The heat transfer coefficient at the condenser is calculated using
the temperatures of vapor and surface at the condenser section of
the thermosyphon using Eq. (3). Here, the vapor temperature will
be higher than that of the condenser surface temperature. So the
heat transfer coefficient at condenser (hc) is calculated as

hc ¼
Q

AcDTc

(3)

where

Ac ¼ pdclc DTc¼ Tc;v�Tc;s

where (Tc,v) is the vapor temperature and (Tc,s) is the surface tem-
perature at the condenser.

The thermal conductivity of the heat pipe corresponding to the
thermal resistance, area of cross section, and length is called the
effective thermal conductivity of the heat pipe, as given in Eq.
(4). The effective thermal conductivity Keff of the heat pipe is cal-
culated as

Keff ¼
1

Ac=s;TRT

(4)

where (Ac/s,T) is the cross-sectional area of the thermosyphon.
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2.3.1 Uncertainty Analysis of Measured Parameters. The
uncertainty in heat flux given in Eq. (5) is calculated based on the
uncertainties in the applied voltage (DV), applied current (DI) to
the heater coil, uncertainties in the diameter (Dde), and measured
length (Dle) of the evaporator section. The vernier caliper is used
to measure the length and diameter of the thermosyphon and the
least count of the vernier calipers is taken as the uncertainty value

Dq

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DV

V

� �2

þ DI

I

� �2

þ DIe

Ie

� �2

þ Dde

de

� �2
s

(5)

Similarly, the uncertainty in the thermal resistance given in Eq.
(6) depends on the uncertainty in the applied heat (DQ) and uncer-
tainty in the measured temperature difference between evaporator

and condenser (U(DT)). The actual measured temperature differ-
ence is denoted as (DTec)

DR

R
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DQ

Q

� �2

þ DðDTÞ
DTec

� �2
s

(6)

Dh

h
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
UQ

Q

� �2

þ UDT

DTvs

� �2
s

(7)

Finally, the uncertainty in the heat transfer coefficient given in
Eq. (7) is calculated by taking into account the uncertainty in the
applied heat load (UQ) and uncertainty in the measured tempera-
ture difference between surface and vapor (UDT). All these calcu-
lations are done to eliminate the experimental errors and the
obtained results are taken from a standardized experimental test
facility. The maximum uncertainties in thermal resistance and
heat transfer coefficient are found to be 5.98% and 6.82%.

2.4 Thermophysical Properties of Nanofluid. The density
of the graphene–acetone nanofluid is calculated using Pak and
Cho [18] equation

qnf ¼ uqp þ ð1� uÞqA (8)

Similarly, the thermal conductivity of graphene–acetone nanofluid
is calculated using the following Eq. (9) proposed by the present
authors [19]:

Fig. 2 Photos of visualization for acetone–graphene nanofluid at 0.09 vol. %

Fig. 3 SEM image of 0.09 vol. % of acetone–graphene
nanofluid

Table 1 Experimental conditions

Working fluid charge (ml) Q (W) mw (kg/s) Tw inlet (�C)

10 0.00341 25
20 0.00341 25

5.6 30 0.00341 25
40 0.00341 25
50 0.00341 25
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knf

kA

¼ 0:877
TF

Ta

� �0:837

þu0:34 (9)

3 Results and Discussion

3.1 Performance Test. The experiments are conducted for
various heat inputs (10 W, 20 W, 30 W, 40 W, and 50 W) with
thermosyphon kept in vertical position. The vapor and the surface
temperature readings are obtained using the thermocouple con-
nected to the data acquisition system. The experimental results are
compared between acetone and the graphene–acetone nanofluids
for the tested concentrations. The observed enhancement is the
heat transfer performance due to the increase in the volume con-
centration of graphene nanofluid, heat load, and the change in the
thermophysical properties are discussed in Sec. 3.1. The operating
conditions of all the thermosyphons such as evaporator heat load,
cooling water inlet temperature, and mass flow rate are maintained
constant for effective comparison of results. The experimental
conditions chosen for the present study is given in Table 1. The

vapor and wall temperatures measured at the evaporator and con-
denser sections are given in Tables 2 and 3. The readings are
taken for analysis and data reduction when steady-state tempera-
ture is reached.

The wall temperature distribution along the axial length of the
thermosyphon for an average heat load of 30 W is shown in
Fig. 4. It is clearly seen that a reduction in wall temperature is
observed when the concentration of nanofluid increases. A reduc-
tion of about 21.4 �C is observed in the evaporator section of the
thermosyphon for the maximum concentration of 0.09 vol. %
when compared with that of acetone. Similarly, a drop of 8.8 �C is
observed in the condenser wall temperature for the same concen-
tration. This drop in wall temperature increases the operating
range of thermosyphon when nanofluid is used. Figure 5 shows
the variation in the adiabatic wall temperature with respect to the
heat load. From Fig. 5, it is observed that the adiabatic wall
temperature of the thermosyphon increases as heat load on the
evaporator section increases, and it decreases as the volume con-
centration of nanoparticles in base fluid increases. A temperature

Table 2 Evaporator wall and vapor temperatures (�C)

Acetone 0.05 vol. % 0.07 vol. % 0.09 vol. %

Q(W) TE, wall TE, vap TE, wall TE, vap TE, wall TE, vap TE, wall TE, vap

10 43.1 40.0 42.1 40.8 41.7 40.6 40.0 39.0
20 51.5 46.3 47.8 45.4 44.9 42.8 42.3 40.5
30 55.9 51.6 51.3 47.9 51.3 48.8 49.3 47.3
40 66.1 61.1 56.4 52.1 54.0 51.1 52.1 49.9
50 72.1 66.6 60.0 55.0 58.6 55.7 54.7 52.7

Table 3 Condenser vapor and wall temperatures (�C)

Acetone 0.05 vol. % 0.07 vol. % 0.09 vol. %

Q (W) TC, vap TC, wall TC, vap TC, wall TC, vap TC, wall TC, vap TC, wall

10 32.4 28.1 33.3 29.1 33.0 28.9 34.5 30.8
20 41.0 31.9 39.8 30.9 38.4 29.8 40.0 31.8
30 48.2 33.7 46.5 32.4 47.1 33.5 46.3 33.7
40 59.0 38.0 53.9 33.8 52.7 33.5 51.9 34.7
50 66.2 39.1 60.2 34.7 58.9 34.8 57.7 35.1

Fig. 4 Variation of wall temperature with respect to axial
length Fig. 5 Adiabatic wall temperature as a function of heat load
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reduction of 14.5% is observed in case of thermosyphon with
0.09% volume concentration and this is due to increase in the
effective heat transfer capability of the nanofluid. Similarly, a
reduction of 3.8% and 1.6% is observed, respectively, for 0.05%
and 0.07% volume concentrations of graphene–acetone nanofluids
when compared with that of the acetone.

Figure 6 shows the variation in the surface temperatures of
evaporator and condenser with respect to the heat load. From
Fig. 6, it is clearly observed that the evaporator wall temperature
increases with increment in the heat load and decreases as the vol-
ume concentration of nanoparticles increases in the base fluid.
This reduction in wall temperature enhances the dissipation of
heat from the electronic devices. It is also found that a reduction
in the evaporator wall temperature of about 17.4 �C is noted at the
heat input of 50 W for 0.09% volume concentration. Similarly, a
reduction in the temperature difference of 13.5 �C and 9.1 �C in
evaporator wall temperatures is obtained for the volume concen-
trations of 0.07% and 0.05%, respectively, when compared with
that of thermosyphon with acetone. It is also found that the

condenser wall temperature increases due to the effective heat
rejection in condenser section, when the volume concentration of
nanoparticles in base fluid increases. Similarly, Kim et al. [20]
indicated that during nucleate boiling some nanoparticles gets de-
posited on the evaporator heating surface and forms a porous layer
which reduces the vapor temperature and increases the heating
surface area. This results in reduction of temperature of the evapo-
rator. Figure 7 shows the temperature difference between evapora-
tor and condenser as a function of heat load. From the figure, it is
observed that the temperature difference between evaporator and
condenser gradually decreases with respect to the increase in the
volume concentration of nanoparticles for a given heat load.
The use of nanofluid allows the thermosyphon to operate at
higher heat load, for a constant temperature difference between
evaporator and condenser. It is also observed that the temperature
difference reduces by 64.23%, 31.8%, and 19%, respectively,
for 0.09%, 0.07%, and 0.05% volume concentrations of
graphene–acetone nanofluid when compared to thermosyphon
operating with acetone. This reduction in temperature difference
enhances the heat transport capability of the thermosyphon. The

Fig. 7 Evaporator and condenser surface temperature differ-
ence as a function of heat load

Fig. 8 Variation in thermal resistance as a function of heat
load

Fig. 9 Effective thermal conductivity of thermosyphon as a
function of heat load

Fig. 6 Evaporator and condenser surface temperature as a
function of heat load
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reason for this enhancement is attributed to be the formation of
more nucleation boiling sites in the evaporator section due to
addition of nanoparticles, which stimulate the boiling phenomena
resulting in the enhanced heat transfer in the evaporator.

Figure 8 shows the variation in the thermal resistances of ther-
mosyphon with different heat load for base fluid and nanofluid at
different volumetric concentrations. The thermal resistances are
calculated based on the wall temperatures to quantitatively
evaluate the thermal performance of thermosyphon using
graphene–acetone nanofluids. The thermal resistances are found
to be high at lower heat loads; since a thick liquid film resides in
the evaporator section and the same decreases as the heat load
increases for both acetone and for nanofluids. A reduction in the
thermal resistance of 70.3% is observed at 0.09 vol. % concentra-
tion when compared with that of the acetone, and the thermal
resistance increases as the volume concentration of nanoparticle is
reduced. It is also seen that 31.6% and 15.5% reduction in thermal
resistance is observed for 0.07% and 0.05% volume concentra-
tions of graphene–acetone nanofluid. However, for the maximum
volume concentration of 0.09% of graphene–acetone nanofluid,
70.3% reduction in thermal resistance is observed when compared
with acetone. The thermal resistance of thermosyphon is due to
the formation of vapor bubble at the liquid–solid interface which
results in larger bubble nucleation size, which prevents the trans-
fer of heat from the solid surface to the liquid and creates high
thermal resistance [21]. The suspended nanoparticles bombard
with the vapor bubble during the bubble formation. Therefore, it
is expected that the nucleation size of the vapor bubble is smaller
for nanofluids than base fluids.

Figure 9 shows the effective thermal conductivity of thermosy-
phon with respect to various heat loads. It is observed that the
effective thermal conductivity increases with the increase in the
heat load and volume concentration. An enhancement of 56.72%
is observed for 0.09 vol. % concentration of graphene–acetone
nanofluid. This concludes that the effective heat transfer is possi-
ble through the thermosyphon employed with nanofluids. Simi-
larly, the thermosyphon with 0.07 vol. %and 0.05 vol. % gives
35.13% and 20.26% increment in the effective thermal conductiv-
ity when compared with acetone based thermosyphon. Figure 10
shows the evaporation heat transfer coefficient as a function of
heat load. It is observed that the evaporation heat transfer coeffi-
cient of thermosyphon with graphene–acetone nanofluid is higher
when compared with that of the thermosyphon with pure acetone
for the same heat load. The heat transfer coefficient increases with

increasing volume concentration of the nanoparticle in base fluid.
An increment of 61.25% in evaporation heat transfer coefficient is
observed at 0.09% volume concentration when compared to base
fluid. It is due to the less temperature difference between the evap-
orator wall and vapor core with the use of nanofluids. The nano-
fluids can enhance the heat transfer with different reasons: the
addition of nanoparticles to base fluid changes the heat transfer
mechanism so that the thermal conductivity increases the Brown-
ian motion, dispersion, and fluctuation of the nanoparticles near
the wall which leads to an increase in the energy exchange rates
[22]. Besides, due to the temperature gradient available in the
mixture, the particles tend to move in the direction of decreasing
temperature (thermophoresis). Also, the concentration gradient
available in the solution causes the particles to immigrate to a
zone with lower concentration (diffusiophoresis or osmophoresis).
These interactions cause the heat transfer rate to increase. In the
present study, the evaporator section is heated until the wall tem-
perature is increased above the saturation temperature of the nano-
fluid. This causes the separation of the isolated bubbles formed at
the nucleation sites and hence induces considerable fluid mixing
and fluctuation of nanoparticles near the wall, which therefore leads
to an increase in the energy exchange rates and augments the heat
transfer rate between the fluid and the evaporator section wall. This
concludes that the effective heat transfer is possible through ther-
mosyphon employed with nanofluids as working fluid.

Figure 11 shows the heat transfer coefficient of a condenser
with respect to heat load. It is observed that the heat transfer coef-
ficient in the condenser section decreases for both acetone and for
nanofluid with increasing heat load. It is also observed that the use
of nanofluid increases the heat transfer coefficient of condenser
when compared with that of acetone. An increment in the con-
denser heat transfer coefficient of 85.74% is obtained for 0.09%
volume concentration of nanoparticles compared with that of the
acetone. From the above results, it is clearly observed that the
presence of nanoparticles decreases the wall and the vapor tem-
peratures which, in turn, increase the operating range of the ther-
mosyphon to higher heat load. Dispersion of a small volume
concentration of nanoparticles in the base fluid enhances the ther-
mal performance of the thermosyphon when compared with that
of the pure fluid.

3.2 Visualization of Flow Pattern. The visualization study
of the flow pattern in the vertical thermosyphon is carried out by
keeping the mass flow rate, inlet water temperature of condenser

Fig. 10 Evaporator heat transfer coefficient with respect to
heat load

Fig. 11 Condenser heat transfer coefficient with respect to
heat load
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as constant. Figure 12 shows the flow regimes in the evaporator
section of thermosyphon at different heat loads. It is observed that
due to the variation in the heat load from 10 W to 50 W, the natu-
ral convection in the evaporator region results in the phase change
of the working fluid. At the initial condition, before applying the
heat load at the evaporator the acetone is in pure liquid state. As
the heat load increases in the evaporator, say at 10 W the wall
temperature increases above the saturation temperature of the
working fluid at the given pressure. At this stage, discrete bubbles
are formed in a continuous liquid phase. These bubbles having the
mean size less than the diameter of the tube is observed and the
number of bubbles formed is less. At 20 W small bubbles are
formed and the number of bubbles increases. The bubbles create a
lot of agitation and mixing near the wall, which enhances heat
transfer rate of the thermosyphon as the heat load increases.
Further, increase in the heat load of 30 W, the quality increases to
intermediate stage and the smaller bubbles coalesces and the
vapor shear on to the liquid–vapor interface tends to be unstable
and oscillatory which is referred as churn flow. The flow regime
observed at 40 W and 50 W is annular flow. In this flow regime

the liquid is expelled from the centre of the tube and flows as thin
film on the wall, forming an annular ring of liquid. In addition, it
is well known that in the two-phase flow study, the annular flow
pattern results in a higher heat transfer coefficient when compared
to other flow patterns. Similarly in the present study, at higher
heat loads of (40 W and 50 W), the annular flow pattern is
observed resulting in a higher heat transfer coefficient in the evap-
orator section.

Figure 13 shows the flow pattern of adiabatic section of the
thermosyphon at different heat loads. From all the images, it is
clearly observed that the flow pattern is the slug flow. The bubbles
from the evaporator section collide and coalesce to form large
bubble, which are similar in dimension to the tube. These bubbles
have a shape similar to a bullet with a hemispherical nose with a
blunt tail end. It is also observed that the liquid film thickness at
the wall of the adiabatic section increases as the heat load at the
evaporator of thermosyphon increases. This is due to the fall of
liquid due to gravity from the condenser section after cooling.

Figure 14 shows the flow pattern in the condenser section of the
thermosyphon at different heat loads. The outer shell of the con-
denser section is filled with cold water. In the condenser section,
the condensation of vapor takes place between the vapor in the
condenser section and the cooling water circulated in the shell
side of the condenser section. Since the condenser section is sur-
rounded by a water cooled heat exchanger, the vapor could not be
visualized. However, the thermocouples are fixed to measure the
vapor temperature in the condenser section. From the thermocou-
ple reading, it is clearly observed that an increase in the outlet
temperature of the cooling water is observed from the shell side of
the condenser section. The condensed acetone from the condenser
section falls back to the evaporator section through the walls of
the thermosyphon due to gravity. It is clear from the figure that
the bubbles are formed on the walls of the condenser section,
where the cold water is circulated. The bubble formation is due to
the heat transfer from the wall to the cold water. It is clearly
observed that the number of bubbles inside the shell side of the
condenser increases as the heat load increases.

4 Conclusion

The present experimental work reported that the use of low vol-
ume concentration of graphene nanoparticles in acetone enhances
the heat transfer performance of the thermosyphon effectively.
The thermal resistance of thermosyphon is decreased by 70.3%
with the use of graphene–acetone nanofluid, which in turn

Fig. 13 Flow regimes at adiabatic section of thermosyphon at
different heat load

Fig. 14 Condensation section of thermosyphon at different
heat load

Fig. 12 Flow regimes at evaporator section of thermosyphon
at different heat load
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increased the effective thermal conductivity by 37.3%. A tempera-
ture difference of 4.62 �C, 3.28 �C, 2.78 �C, and 1.8 �C is, respec-
tively, observed between the wall and vapor core at the
evaporation section for acetone, 0.05 vol. %, 0.07 vol. %, and
0.09 vol. % concentrations of graphene nanoparticles, indicating
the improved performance of the thermosyphon. The evaporation
and condensation heat transfer coefficient also increased with
increasing graphene nanoparticles concentrations. The higher
thermal performance of thermosyphon working with nanofluid
proved its potential as a substitute for conventional fluids and
makes nanofluid attractive as an advanced heat transfer fluid for
electronic cooling applications.
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Nomenclature

A ¼ surface area (m2)
Cp ¼ specific heat (J/kg K)

d ¼ outer diameter (m)
ESURF ¼ evaporator surface temperature (�C)
EVAP ¼ evaporator surface temperature (�C)

h ¼ heat transfer coefficient (W/m2 K)
K ¼ thermal conductivity (W/m K)
L ¼ length (m)

M ¼ mass flow rate (kg/s)
Q ¼ heat load (W)
Q ¼ heat flux (kW/m2)
R ¼ thermal resistance (�C/W)
T ¼ average temperature (�C)

U(DT) ¼ uncertainty value in the temperature difference between
the evaporator and condenser (�C)

DT ¼ temperature difference (�C)

Subscripts

a ¼ adiabatic
c ¼ condenser

c/s ¼ cross-sectional
ct ¼ condenser temperature

cw ¼ cooling water
e ¼ evaporator

ec ¼ evaporator and condenser
eff ¼ effective
et ¼ evaporator temperature
T ¼ thermosyphon

Inlet ¼ inlet to condenser
nf ¼ nanofluid
p ¼ particle

Surf ¼ surface
v ¼ vapor

Vs ¼ vapor and surface

w ¼ wall
W ¼ water

Greek Symbols

u ¼ volume fraction
q ¼ density (kg/m3)
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