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A B S T R A C T

Thermal management of electronic systems is investigated with a hybrid thermosyphon assisted thermal energy
storage system. Various circulating coolants namely DI water, acetone, methanol and ethanol are used in this
work. The heat input to the system varies between 50 and 90 W. Lauric acid is used as phase change material
(PCM) and stored in an annular which helps to remove heat from the vapourized coolants. The molten PCM is
then solidified by supplying cold water through a copper tube when the power is switched OFF. The influence of
heat input on heat transfer performance such as percentage of heat removal, heat transfer coefficient (HTC) and
thermal resistance of various circulating coolants is analysed. In addition, the temperature variation during the
charging and discharging performance of PCM is studied by the effect of different coolants at a given heat flux.
Results show that (i) the maximum percentage of heat removal and HTC of about 98.9% and 205.78 W/(m2.K)
are obtained for acetone at 90 W due to low boiling point, low latent heat of vapourization (LHV), low viscosity
and less effect on subcooling (ii) the low thermal resistance of acetone is 0.316 K/W owing to the high vapour
flow rate at maximum heat input (iii) PCM attains steady state temperature at a faster rate and the maximum
thermal power absorbed is about 6.18 W when the acetone is used as a circulating coolant at 90 W.

1. Introduction

The continuous usage of microprocessor, transistors, batteries, high
power density applications etc. generates a large amount of heat flux
that affects its functionality. The failures in the electronic component of
about 55% are mainly due to the existence of high temperature during
its operation [1]. Therefore, thermal management is an imperative
solution for effective performance and longevity of the devices. In re-
cent decades, maintaining temperature stability and providing an im-
pressive customer product is hefty challenge for thermal engineers and
scientists. Although many technologies have been used in electronic
gadgets, active and passive cooling plays a significant role for stable
operation. In active cooling, an additional requirement of fan/blower
increases power consumption and space. To mitigate this problem, re-
searchers focus on the passive electronic cooling method.

In general, thermosyphon is the widely used technique due to its
capability to remove high heat flux. In thermosyphon, the circulating
coolant absorbs the heat from the evaporation section and delivers the
latent heat of vapourization to the condensation section [2]. The non-
dielectric liquid coolants are typically aqueous solutions which are used
in electronic components owing to their excellent thermophysical
properties such as high heat carrying capacity, high thermal

conductivity and low viscosity as compared with dielectric liquids [3].
Nazari et al. [4] reported that the low boiling point and dynamic
viscosity of working fluids play a major role in obtaining better thermal
performance and high heat transfer rate. Palm and Khodabandeh [5]
numerically investigated the two-phase thermosyphon in electronic
cooling using various liquid coolants. It is found that there is no specific
working fluid for a thermosyphon system. Also, the various parameters
such as the smaller diameter of the tube and high pressurized liquid
coolant give better performance than air cooling. A thermal resistance
model with closed loop thermosyphon system is experimentally ana-
lysed by Chang et al. [6]. They reported that the thermal resistance of
condenser and evaporator is inversely proportional to the heat input.
Chehade et al. [7] studied the thermal performance of the thermosy-
phon system using water as working fluid. It is observed that the op-
timal performance of the cooling system is obtained by governing the
condenser jacket flow rate and temperature of the water. Although the
effect of thermosyphon is performed in a vertical position by different
research studies [8,9], there is a possible way to achieve in horizontal
mode and is proved by Kwon et al. [10]. Further, the capillary pressure
causes to move the liquid in the absence of gravity. Cataldo and Thome
[11] developed a passive thermosyphon cooling system for removing
internal heat from the power electronic device. It is suggested that the
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mass flow rate and thermal resistance are the two major criteria for
stable operation. An arrangement of thermosyphon with vapour
chamber for electronic cooling is investigated by Tsai et al. [12]. They
found a decrease in thermal resistance with the rise of heat input.
Furthermore, the optimum thermal performance is achieved at max-
imum input power. Hao et al. [13] studied the heat transfer char-
acteristics of oscillating heat pipe charged with water, ethanol and
acetone respectively. The thermal resistance is reduced by 30–63% for
acetone and also has high oscillating temperature than other working
fluids.

Phase change material (PCM) is the substance that changes its phase
when it absorbs latent heat. A number of research studies have been
reported with PCM due to its good thermal stability, small volume
change and compatibility [14–16]. Walsh et al. [17] suggested that the
evaporative cooling with thermal energy storage is an eco-friendly and
more efficient method. Moreover, a reduction in electric power of about
2% is obtained by introducing the PCM. Weng et al. [18] experimented
the heat pipe with PCM for electronic cooling. The external aid power
consumption is saved to a maximum of 46% and the heat transfer rate is
naturally adjusted using PCM in the cooling module. The PCM in-
corporated thermal control unit for a portable electronic device is ex-
perimentally and numerically analysed by Alawadhi et al. [19]. They
reported that reduction in thermal induced fatigue promotes the reli-
able operation of the device. Fan et al. [20] investigated the PCM heat
sink with internal fins in electronic cooling. The melting temperature of
PCM is an important factor in protecting the device from overheating
and enhances the cooling capacity of the heat sink. The thermal per-
formance of a thermosyphon unit with RT-100 based thermal storage
for probable industrial utilization is studied by Hu et al. [21]. The entire
unit is virtually isothermal when the temperature is above 70 °C and the

heat transfer enhancement is not influenced by the low thermal con-
ductivity of RT-100. The heat transfer performance of heat exchanger
with latent heat storage system at different operating conditions is
conducted by Diao et al. [22]. The enhancement of absorption effi-
ciency is found as 92.5%. Also, the charging and discharging time of the
PCM is decreased with an increase in the mass flow rate of the working
fluid. The thermal performance of a finned coil with RT-54 is analysed
by Chen et al. [23]. They revealed the HTC is directly proportional to
the flow rate of working fluid during the charging and discharging
process. Behi et al. [24] studied the cooling effect of PCM based heat
pipe for different heat input ranging from 50 to 80 W. The cooling effect
is found to be 86.7% at maximum heat input. Also, they reported the
cooling effect of 11.7% is achieved by PCM alone.

The thermosyphon based fin heat sinks are quite common and nu-
merous research work has been done since the last decade. Instead of
fins, the adoption of PCM gives more amount of heat dissipation from
the vapourized coolants. In addition, the extracted heat can be stored as
latent heat for future usage. The hybrid thermosyphon assisted thermal
energy storage system is suitable for all desired range of electronic
modules to maintain optimum temperature. Therefore, it brings fool-
proof thermal management to electronic gadgets in smart industries.
The motivation of this work is a power-free operation that leads to less
operating cost of the system.

In this study, a hybrid evaporative cooling of two-phase closed
thermosyphon along with latent heat storage test facility is used to
investigate the thermal performance of the electronic gadgets such as
percentage of heat removal, convective HTC and thermal resistance for
various circulating coolants viz. DI water, acetone, methanol and
ethanol. Further, the charging and discharging capabilities of PCM are
discussed in detail. Thermophysical properties of working fluids and the

Nomenclature

A area, m2

cp specific heat, kJ/(kg.K)
D diameter, m
h heat transfer coefficient, W/(m2.K)
I current, A
k thermal conductivity, W/(m.K)
L length, m
Lf latent heat of fusion, kJ/kg
Lv latent heat of vapourization, kJ/kg
m mass, kg
m

.
mass flow rate, kg/min

n integer
Nu Nusselt number
Q thermal power, W
q heat flux, W/m2

R thermal resistance, K/W
T temperature, °C
Tα fluid temperature, °C
Tm melting temperature, °C
Tw surface temperature, °C

V voltage, V

Greek symbols

θ incident angle, rad
λ wavelength, Å
Δ increment

Subscripts

c convection
co condensation
DI deionized
e evaporation
exp experimental
HTC heat transfer coefficient
l liquid
LHV latent heat of vapourization
PCM phase change material
s solid
t total

Table 1
Thermophysical properties of circulating coolants at atmospheric condition (25 °C).

Properties Measured/ Supplier data Acetone DI Water Ethanol Methanol

Boiling point Ts, °C Supplier data 56.2 ± 0.2 99.2 ± 0.3 78.3 ± 0.4 64.7 ± 0.4
Dynamic viscosity μl, Pa s Measured 0.00031 ± 0.00005 0.00088 ± 0.00001 0.00113 ± 0.00004 0.00055 ± 0.00002
Latent heat of vaporization Lv, kJ/kg Supplier data 514.8 ± 1.5 2257 ± 3 853 ± 6 1151.6 ± 3.4
Liquid density ρl, kg/m3 Measured 790 ± 9 998.5 ± 1 791 ± 8 789 ± 2.4
Specific heat cpl, kJ/(kg.K) Supplier data 2.35 ± 0.03 4.18 ± 0.01 2.40 ± 0.02 2.48 ± 0.02
Surface tension σ, N/m Measured 0.0237 ± 0.0007 0.0728 ± 0.0007 0.0227 ± 0.0008 0.0225 ± 0.0006
Thermal conductivity kl, W/(m.K) Measured 0.171 ± 0.003 0.599 ± 0.003 0.172 ± 0.005 0.208 ± 0.006
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characterization of PCM (lauric acid) are also studied.

2. Thermophysical properties of circulating fluids

The thermophysical properties of circulating fluids are the essential
factors that affect the rate of heat transfer and hence, it is measured as a
part of the present investigation. The thermophysical properties of the
different circulating coolants are listed in Table 1. For ensuring the
purchased product, some of the major properties are measured. The
thermal conductivity (k) of the circulating fluids is measured by THW
(transient hot wire) method. Therefore, a KD2 Pro thermal property
analyser (accuracy:± 5%) is used. The dynamic viscosity (μ) is found
by Brookfield DV2T viscometer (± 1% accuracy) of the full-scale
range. A bubble pressure tensiometer (Make: SITA; accuracy:± 0.1%)
is used to measure the surface tension (σ) of the circulating coolants.
The density (ρ) is determined by a specific gravity bottle with an ac-
curacy of± 1%. The obtained values are well matched with the sup-
plier data (Merck, India). Further, the measured thermophysical prop-
erties are compared with Dortmund Data Bank (DDB), Germany [25]
and the percentage error is presented in Table 2.

3. Characterization of PCM

Lauric acid (LA, 99% pure) is used as PCM to exchange heat from
the circulating coolant. Kabbara et al. [26] revealed that lauric acid
undergoes a slight volume change and the degradation does not occur
even after 500 cycles. Yadav and Sahoo [27] reported that lauric acid
takes less time to get charging as compared with other organic PCM.
The crystal arrangement of lauric acid is characterized by a Bruker, D8-
Advance diffractometer with CuKα radiation (λ = 1.54178 Å), oper-
ating at 25 °C with a step size of 0.0142. The XRD of lauric acid (Fig. 1)
exhibits the peak diffraction angles at 2θ = 21.67˚ and 24˚ which is
indexed to the lattice plane (0 0 2) and (1 0 0) respectively. The ob-
tained 2θ value is well matched with the existing literature [28,29].
Also, the interplanar spacing (d) is found as 4.10 Å and 3.70 Å using
Bragg's law

=d nλ
θ

0.5
sin (1)

Therefore, the observed XRD pattern indicates the crystal structure
of lauric acid.

Fourier transform infrared spectroscopy (FT-IR) is used to provide
the chemical stability and nature of the functional groups. The FT-IR
spectrum (Make: PerkinElmer, US) is recorded over the range of
4000–500 cm−1. Fig. 2 depicts the various functional groups present in
lauric acid. It is seen that the peak at the wavenumber of 1789 cm−1 is
induced by the carbonyl group (C=]O). The stretching vibration of a
hydroxyl group (OeH) is found at 3434 cm−1. Moreover, the peaks at
the wavenumber of 2915 and 2849 cm−1 exhibit the stretching vibra-
tions of –CH3 and –CH2 groups respectively. The obtained values are in
accordance with the results of Feng et al. [28] and Sari et al. [30] and
hence, the purchased lauric acid is chemically stable.

The thermal stability of lauric acid is obtained by thermogravi-
metric analysis (TGA) using SDT Q600 analyser (Make: TA Instruments,
US). It is performed over the temperature range between 25 °C and
400 °C. In this study, a heating rate of 20 °C/min is given and the weight
loss is observed until the temperature reaches 400 °C. Fig. 3 illustrates
the percentage weight loss of lauric acid with the increase of tem-
perature. It is found that the lauric acid is consistent until 123 °C and
the degradation starts beyond that. It is also seen that the degradation
completely ends at 230 °C with a reduced weight of about 3.24%. Thus,
it is recommended the purchased lauric acid is suitable for low/medium
temperature applications.

The surface morphology of lauric acid is analysed at different
magnification levels using Quanta 250 FEG scanning electron micro-
scope (Make: Thermo Fisher FEI, US) and is shown in Fig. 4. The

crystalline nature and surface morphology of lauric acid with micro-
pores are observed at low magnification levels (Fig. 4(a)). A formation
of wrinkled morphology is seen at moderate magnification level
(Fig. 4(b)). Also, a thin wavy structure of lauric acid is noticed in
Fig. 4(c). Hence, the lauric acid absorbs the latent heat when it gets
melted congruently due to the existence of multiple pores on the sur-
face, substantial capillary force and absorbability.

The above characterization techniques ensure the purchased lauric
acid is chemically and thermally stable and hence, it is suitable for heat
transfer applications.

4. Experimental

Fig. 5 illustrates the schematic arrangement of a created test facility
to investigate the internal heat removal rate from electronic gadgets. It
consists of an insulated coolant tank, conical and cylindrical manifold,
insulated primary PCM stored annular, heater, secondary PCM stored
annular, non-return valve, voltage controller and a data acquisition
system (Make: Agilent 34970A, US). The coolant tank has a size of
100 × 100 × 100 mm with 1.2 mm in thickness. The various circu-
lating liquid coolants such as DI water, acetone, methanol and ethanol
are poured into the coolant tank and heated by coil tube immersion
heater (12 Ω, 400 W). The heat input to the system varies between 50
and 90 W. The top of the coolant tank is welded with four copper tubes
of 6.3 mm diameter and the other end is joined with the conical
manifold. Further, the outlet of conical manifold extends through a
primary PCM stored annular (diameter: 40 mm, length: 150 mm). A
quantity of 168 g of PCM is used and its properties are listed in Table 3.
In order to resolidify the PCM, cold water is supplied from a cold water
basin and the outlet of hot water is collected by the hot water basin. The
insulated components are fabricated by stainless steel and wrapped up
with 6 mm thick asbestos rope to avoid heat loss. The cylindrical
manifold and a secondary PCM stored annular are provided for en-
hancing the rate of condensation. The condensed coolant returns to the
coolant tank through a non-return valve. The styrene-butadiene rubber
(SBR) tubes are used for eliminating heat conduction from the coolant
tank to secondary PCM stored annular. The temperature at thirteen
different locations of the experimental setup is measured by T-type
thermocouple (accuracy:± 0.2 °C). Although the experiments are
conducted at the atmospheric conditions, it is provided with a U-tube
differential manometer to ensure there is a negligible pressure drop.

The working principle is based on phase change liquid evaporative
cooling. After ensuring all the connections, electrical power is given to
the heater by a DC power supply. The coolant tank is filled with liquid
coolant and hence, it becomes vapour. This rises to the top of the
conical manifold which helps to increase the velocity of vapour flow.
Then, the vapour enters into the primary PCM stored annular through
the inside copper tube which extracts the heat and condenses into li-
quid. The circulating coolant comes again into the collecting tank due
to its capillary effect. Hence, the system runs in a continuous manner
without any external aid. The heat flux is set as constant until the
temperature of various elements attains steady state. The PCM absorbs
the heat from circulating coolant and stores as latent heat during the
operating conditions. Alternately, the heater is switched OFF, the cold
water is supplied to the melted primary PCM stored annular and

Table 2
Error analysis of circulating coolants.

Circulating
coolants

Error in%
Density (ρ) Surface

tension (σ)
Thermal
conductivity (k)

Viscosity (μ)

Acetone 1.2 3.1 1.8 1.7
DI Water 0.1 1.1 0.5 1.6
Ethanol 1.1 3.5 3.0 3.4
Methanol 0.3 2.6 3.0 3.2
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absorbed latent heat which is shown in Fig. 6. The temperature of hot
water at the outlet is measured for every minute by regulating the valve
and this process is continued until the PCM resolidified.

The heat transfer performance of the experimental setup is esti-
mated as

The percentage of heat removal by the circulating coolant =

⎜ ⎟
⎛
⎝

− ⎞
⎠

×Q Q
Q

100s l

l (2)

where Qsand Qlare the heat supplied and convective heat loss respec-
tively.

The convective heat loss,

= −Q h A T T( )l c c w α (3)

where Tw, Tαand =hc
Nu k

D are the surface temperature of the tube, am-
bient temperature and convective heat transfer coefficient respectively.

The experimental HTC (hexp) is calculated by

=
−

h
q

T T( )e co
exp (4)

where Teand Tcoare the evaporation and condensation temperature re-
spectively.

The effective total thermal resistance (Rt) is determined by

= = −R R R R T T
Q

Σ ( )
t e co c

e co

s (5)

where Re, RcoandRcare the thermal resistance at evaporation, con-
densation and convection section respectively.

The vapour flow rate of the circulating coolant (m
.
) is as follows

=m Q
L

s

v

.

(6)

where Lv is the latent heat of vapourization of the circulating coolant.
The thermal power absorbed by the PCM is related to the mass (m),

difference between initial temperature (Ti) and the final temperature
(Tf) of the PCM. The total amount of stored thermal power by PCM
(QPCM) is then calculated by

= − + + −Q m c T T m L m c T T( ) ( )p s m i f p l f m, ,PCM (7)

where Lf is the latent heat of fusion and Tmis the melting temperature of
the PCM.

∑=
=

T T1
4i

x
x

1

4

i
(8)

∑=
=

T T1
4f

x
x

1

4

f
(9)

The measured error in length and diameter of the heater are± 0.1
and± 0.0001 mm respectively. The accuracy of ammeter and volt-
meter are 0.25% and 0.01% respectively. The uncertainty in the heat
flux, experimental HTC and the total thermal resistance are calculated
using the following equations as proposed by Holmon [31] and the
maximum uncertainty in the experiment is about± 2.48%,± 3.26%
and±3.71% respectively.
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Fig. 1. X-ray diffraction pattern of lauric acid.

Fig. 2. FT-IR spectra of lauric acid.

Fig. 3. Thermogravimetric analysis of lauric acid.
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5. Results and discussion

In this study, the percentage of heat removal, HTC and thermal
resistance are estimated for various circulating coolants namely DI
water, acetone, methanol and ethanol. Also, the heat transfer perfor-
mance of charging and discharging of stored PCM is investigated by the
influence of circulating coolants.

5.1. Percentage of heat removal

Fig. 7 shows the percentage of heat removal of different circulating
coolants with the heat input ranging from 50 to 90 W. As seen from
Fig. 7, the percentage of heat removal is increased with the increase of
heat input for all the circulating coolants. At 90 W, the heat carrying
capacity of acetone, methanol, ethanol and DI water are found as
98.9%, 98.1%, 97.6% and 96.1% respectively. It is suggested that the
boiling point and LHV of circulating coolant plays a major role in en-
hancing the percentage of heat removal. Although high LHV has more
heat transferability, this is not always true and it also depends on the
boiling point of the circulating coolant. It is because of the fact that the
formation of vapour bubbles will be high for the low boiling point of
circulating coolant [32]. Therefore, the low boiling point and low LHV

of acetone causes high vapour bubble formation which further increases
the percentage of heat removal at maximum heat input.

5.2. Heat transfer coefficient

The HTC of circulating coolant depends on the geometrical aspect of
the test facility, evaporation and condensation phenomenon. The ex-
perimental HTC of various circulating coolants is shown in Fig. 8. It is
observed that the convective HTC increases with the supply of heat
input from 50 to 90 W. Also, a maximum of 205.78 W/(m2.K) is found
for acetone at 90 W whereas 84.58, 119.27 and 151.80 W/(m2.K) for DI
water, ethanol and methanol respectively. It is suggested that the rate of
evaporation of acetone is higher than the rate of condensation which
leads to a high degree of superheat. The experimental investigations of
Shi et al. [33] concluded that the acetone has the highest HTC value
than water due to low dynamic viscosity of acetone which further
causes to increase the velocity of vapour flow. Similar observations are
also found by Hao et al. [13]. On the other hand, the bubble formation
of the working fluid and tube diameter affects HTC to a greater extent
[34]. Hence, the low dynamic viscosity and high saturation pressure of
acetone increase the vapour flow rate thereby enhances the HTC.

5.3. Thermal resistance

Thermal resistance is also considered as a key factor for improving
the rate of heat transfer. The cooling capacity of the circulating coolant

Fig. 4. SEM image of lauric acid (a) low magnification level (b) moderate magnification level (c) high magnification level.
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determines the thermal resistance of the systems. The total thermal
resistance of the setup is calculated by the addition of convective re-
sistance and thermal resistance at evaporation and condensation re-
gions. Fig. 9 depicts the total thermal resistance of coolants for different
heat inputs. It is seen that the thermal resistance of circulating coolants
decreases with the increase of heat input. Also, the thermal resistance of
acetone at 90 W is found as 0.316 K/W while 0.768, 0.544 and 0.428 K/
W for DI water, ethanol and methanol respectively. The high vapour
flow rate inside the condensation region may be the reason for low

Fig. 5. An experimental setup of hybrid thermosyphon assisted thermal energy storage unit.

Table 3
Thermophysical properties of PCM.

Properties Lauric Acid

Density ρs/ρl, kg/m3 1004/882 ± 18
Latent heat of fusion Lf, kJ/kg 180.47 ± 5
Melting point Tm, °C 43.8 ± 1.8
Specific heat capacity cp,s/cp,l, kJ/(kg.K) 2.11/2.34 ± 0.02
Thermal conductivity ks/kl, W/(m.K) 0.16/0.14 ± 0.004

Fig. 6. Schematic view of primary PCM stored annular with the different position of thermocouples.
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thermal resistance. Fig. 10 illustrates the vapour flow rate of various
circulating coolants with the increase of heat input. Since the con-
densation unit is placed horizontally, the vapour flow rate is high for
low latent heat of coolant at maximum heat input and forces the con-
densate liquid to the coolant tank. This may be the reason for obtaining
low thermal resistance. Han et al. [35] reported a low thermal re-
sistance of working fluid at high heat input and low LHV. Also, they
found that the viscosity decreases with the rise of heat input that leads
to high vapour flow rate. Similar results are reported by Kiatsiriroat
et al. [36]. At a higher operating temperature, the nucleate boiling
results more amount of superheated vapour leads to low thermal re-
sistance [37]. Therefore, the high vapour flow rate and low LHV are the
deciding factors for obtaining the low thermal resistance of acetone.

5.4. Charging performance of PCM

The charging performance is analysed by how fast the steady state
temperature of the primary stored PCM is attained and the heat storage

capacity by the influence of various circulating coolants. The steady
state temperature of PCM is the temperature at which the PCM melts
completely thereafter remains constant. In this work, four thermo-
couples are fixed at a zigzag position in the primary PCM stored annular
(Fig. 6) to measure the melting temperature at every 5 min. Fig. 11
represents the temperature variation of PCM at different time intervals
for 90 W. It is seen that the vapourized acetone takes 105 min to reach
the steady state temperature after that temperature remains same till
200 min. Also, the vapourized methanol, ethanol and DI water take
120, 130 and 160 min respectively after that it maintains the constant
temperature. At evaporation section, more amount of heat is generated
at maximum heat input. It is then transferred to the primary PCM stored
annular which helps to enhance the phase change rate in both circu-
lating coolant and PCM owing to the high temperature difference be-
tween PCM and the inside copper tube. Similarly, the time taken to
attain the steady state temperature of PCM at different heat inputs over
the range of 50 to 80 W is shown in Fig. 12. From the above observa-
tions, the PCM can melt congruently and a large amount of heat is
extracted from the coolants due to the high vapour flow rate at high

Fig. 7. Enhancement in the percentage of heat removal vs different heat inputs
for circulating coolants.

Fig. 8. Increasing rate of heat transfer coefficient with heat inputs for various
coolants.

Fig. 9. Effect of heat input on total thermal resistance for various circulating
coolants.

Fig. 10. Increasing rate of vapour flow of different circulating coolants with the
effect of heat inputs.
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power input. Also, the vapourized acetone takes a shorter time to attain
the steady state temperature of the PCM due to the more amount of
superheated vapour flow at maximum heat input.

The vapour flow rate of circulating coolant mainly depends on the
heat input. Moreover, the velocity of circulating coolants increases with
the increase of vapour flow rate resulting in a decrease in thermal re-
sistance. This further causes a high rate of heat transfer between the
circulating coolant and PCM. Tiari et al. [38] suggested the heat
transfer rate between fluid and the PCM is mainly due to (i) higher rate
of convection between the hot fluid and the copper tube and (ii) lower
the thermal resistance between heat transfer fluid and the PCM. Similar
studies are also reported by Kabaara et al. [26] and Weng et al. [18].
Therefore, the vapour flow rate is the major parameter that affects the

Fig. 11. Temperature variation of PCM by the influence of coolants during
charging at 90 W.

Fig. 12. Temperature of PCM with the time increment in the primary annular during charging when the heat input ranging from 50 to 80 W.

Table 4
Thermal power stored in PCM by the influence of coolants.

Circulating coolants Stored thermal power in PCM (W)
50 W 60 W 70 W 80 W 90 W

Acetone 4.16 4.62 4.95 5.62 6.18
DI Water 3.95 4.17 4.40 4.53 4.82
Ethanol 4.05 4.27 4.67 5.18 5.55
Methanol 4.05 4.43 4.91 5.28 5.76
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charging performance of PCM. At maximum heat input, the vapour flow
rate of the acetone, DI water, methanol and ethanol is obtained as
0.01049, 0.00239, 0.00469 and 0.00633 kg/min respectively (Fig. 10).
Also, the vapour flow rate of acetone takes 105 min while DI water
takes 160 min to attain the steady state temperature of the melted PCM.
The charging rate of vapourized acetone is higher than the other
coolants used in this study and an increase of about 34% is found as
compared to DI water.

Table 4 represents the stored thermal power in PCM by the influ-
ence of various coolants at different heat input. It is seen that the
thermal power stored in the PCM increases with the heat input for all
circulating coolants. Also, the maximum thermal power absorbed by
the PCM is about 6.18 W for vapourized acetone at 90 W due to the high
heat carrying capacity, less subcooling effect and less time taken for the
complete melting of PCM. Therefore, the maximum amount of stored
thermal power by the PCM indicates that a large amount of heat is
extracted from the experimental setup.

5.5. Discharging performance of PCM

The discharging performance of PCM is investigated for every 1 min
duration. In order to analyse, cold water is allowed to flow through the
copper tube during switched OFF condition (Fig. 6). The heat is ab-
sorbed due to the temperature difference between PCM and the cold
water in the primary PCM stored annular. The outlet valve is closed
during this period. At every 1 min, the outlet valve is opened and the
temperature of hot water is recorded. This process persists until the
PCM becomes solidified. As seen in Fig. 13, the molten PCM resolidifies
from 50 to 27.71 °C in 21 min when acetone is used as a circulating
coolant whereas DI water, ethanol and methanol resolidifies from 69.5
to 27.82 °C in 37 min, 62.43 to 27.85 °C in 30 min and 56.6 to 27.74 °C
in 26 min respectively. Since the time taken is noted to change its phase
from molten state to solidification, similar observations are seen for all
heat inputs. The steady state temperature of molten PCM is found as
low when acetone is used thereby it solidifies at a faster rate during the
switched OFF condition of setup. The copper tube is placed at the centre
of the primary PCM stored annular. Hence, the heat transfer is a con-
duction domination process during discharging [22,23]. In general, the
rate of heat transfer is faster when the temperature difference between
PCM and the inlet cold water is high. However, the complete solidifi-
cation of PCM takes a long time. For instance, the rate of heat transfer is
faster for DI water. But, it takes 37 min to solidify the PCM from molten

state (69.5 °C). Therefore, it is concluded that the molten PCM re-
solidifies at a faster rate when acetone is used as a circulating coolant.

6. Conclusions

The thermosyphon assisted thermal energy storage system is ex-
perimentally investigated for heat dissipation from the electronic de-
vices to maintain optimum performance. The effect of heat input on the
percentage of heat removal, HTC and thermal resistance are compared
for various circulating coolants. Also, the charging and discharging
performance of PCM is analysed by the influence of circulating cool-
ants. The major observations are drawn as follows:

(i) The maximum percentage of heat removal of acetone is 98.9% at
90 W due to low boiling point and low LHV.

(ii) The HTC increases with the increase of heat input. At the max-
imum heat input, the acetone has the highest HTC value of about
205.78 W/(m2.K) as compared with DI water, ethanol and me-
thanol. It is because of low viscosity and less effect on subcooling.

(iii) At 90 W, the total thermal resistance of DI water, ethanol, me-
thanol and acetone is 0.768, 0.544, 0.428 and 0.316 K/W respec-
tively. It is observed that acetone has low thermal resistance due to
high vapour flow rate.

(iv) In the charging process, the vapourized acetone takes 105 min to
reach the steady state temperature at maximum heat input after
that temperature of PCM remains same. Also, the maximum
thermal power absorbed by the PCM is about 6.18 W for vapour-
ized acetone at 90 W owing to high heat carrying capacity and less
subcooling effect.

(v) In discharging, the complete solidification of PCM takes ̴21 min for
acetone as a circulating coolant by virtue of low steady state
temperature.

It is suggested that the heat transfer performance of the test facility
is more efficient when acetone is used as a circulating coolant during
both switched ON and OFF conditions. Also, the above experimental
setup is suitable for all the desired range of electronic modules which
bring the foolproof thermal management without the use of electricity.
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