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Abstract A comparative heat transfer performance of an internally grooved anodized thermo-
syphon with eco-friendly refrigerants is presented in this study. Thermosiphons are fabricated with 50
numbers of axial micro-grooves having a width of 500 ym and a depth of 550 pym that is formed us-
ing an electrical discharge machining process. The micro-grooved surface was then anodized and
characterized using SEM as well as DSA 25 drop shape analyzer. Later, the heat transfer perform-
ance of non-anodized grooved thermosyphon is studied by varying fill ratio (20-80 %), inclination
angle (0-90°), and heat inputs (5-50 W). The heat transfer coefficient of the thermosyphon is im-
proved by anodization by 20.9 %, 17.2 %, and 18.1 %, respectively, with R717, R134a, and R600a
at optimum circumstances (30 % fill ratio and 60° inclination angle). Due to the performance en-
hancement and zero global warming potential of R717, an anodized surface with the same is
recommended for a wide range of heat transfer applications.

1. Introduction

Due to the continuous addition of advanced features and miniaturization of electronic prod-
ucts, the heat generated from the processor device is escalating. Hence, conventional cooling
methods and adding extended surfaces with natural and forced convection mechanisms are
insufficient to meet the modern-day cooling demand. Therefore, necessary modifications were
made to the traditional cooling systems. Introducing mini channels, microchannels, mini chan-
nel heat exchangers, and extended surfaces are some of the advancements made in the elec-
tronic cooling systems [1-5] to sustain the cooling demand. However, two-phase passive heat
transfer devices such as heat pipes and thermosyphons are attracted to various electronic
cooling applications due to their passive nature. A phase change wickless heat transfer device
called thermosyphon works with the aid of gravity. The circulation of the fluid from the con-
denser to the evaporator takes place without an external pumping source. A phase change
working fluid is used in a heat transfer device to transmit heat from one side to the other, em-
ploying its motion [6, 7]. It was noticed that the conventional working fluid in the thermosyphon
is replaced with nanofluid to enhance the thermal performance of thermosyphons [8-16]. More-
over, the traditional fluids and nanosuspensions are utilized in thermosyphons to use in high-
temperature applications. Later, refrigerants such as R134a, R600a, Freon, R404a and anhy-
drous Ammonia were applied in thermosyphons for lower heat transfer applications [17-19].
Later, refrigerant charged heat pipes and thermosyphons were used in solar cookers and water
heaters [20, 21] for the heat exchange process and found efficient over conventional fluid
charged heat pipes. Apart from using working fluids, surface enhancement also plays an es-
sential role in the heat transfer enhancement of thermosyphons. Surface enhancement tech-
niques include the addition of fins, internal surface coating, construction of micro-grooves in the
inner surface of the thermosiphon [22, 23]. One of the coating methods used in our previous
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research is the anodization technique which converts the alu-
minium in to aluminium oxide (AAO). In previous research, the
anodized surface was formed in heat pipes, thermosyphons,
and flat thermosyphons of various shapes (cylindrical, grooved
heat pipes, plain and grooved thermosyphons, and flat thermo-
syphons) and their performance was investigated using various
working fluids (acetone, R134a, and R600a) for higher heat
loads [34-41]. It is understood that the alterations made in the
inner surface of thermosyphon through anodization process
develop more active nucleation sites, and lead to performance
enhancement in the evaporator heat transfer due to enhance-
ment in the boiling process. Though the conventional fluids
were used in anodized thermosyphons for high-temperature
applications, liquid ammonia in anodized micro finned ther-
mosiphon is new, and it is essential for compact electronics
operating at low temperatures. Therefore, this study focuses on
studying the heat transfer characteristics using R134a, R600a
and R717 as working fluids due to their lower boiling point than
other refrigerants. Moreover, it is necessary to compare all the
fluids in the same geometry, especially with an anodized sur-
face to identify the best combination of surface and fluid for the
electronic cooling applications. Hence, this research work is
aimed to form a uniform and ordered pores with more active
nucleation sites in the grooved thermosyphon’s internal surface
and study how anodization's effect plays a significant role in
heat transfer in the evaporator and condenser section. Addi-
tionally, this work also studies the comparative heat transfer
performance with R134a, R600a, and R717 as working fluids
with the optimum fill ratio and optimum inclination angle identi-
fied at lower heat loads. This study may help the research fra-
ternity to find the best combination surface and working fluid,
which has not been reported in any other literature exclusively
for low-temperature applications.

2. Experimental procedure

2.1 Manufacturing of anodized aluminium groo-
ved thermosyphon

Grooved thermosyphon is fabricated using an aluminium
tube with an OD of 19 mm, ID of 16.8 mm, and a length of 350
mm. Initially, the rectangular microgrooves of 50 numbers with
a width of 500 ym and a depth of 550 um are formed using a
wire cutting EDM method. The anodization technique was then
carried out to make a thin porous coating at the thermosy-
phon's inner surface. The detailed anodization procedure used
in the presented study is reported in our previous studies [39].
The surface morphology, pore size as well as the contact angle
are measured for the anodized surface. The contact angle of
anodized aluminium grooved thermosyphon is measured using
DSA25 (drop shape analyzer) with a range of 0° to 180°, which
was observed to be < 10°. Then both the ends of the alumin-
ium grooved thermosyphon are closed with the end caps. One
end cap carries the charging tube. After cleaning and neces-
sary evacuation process, working fluid is charged into the
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Fig. 1. View of experimental set up: (a) photographic; (b) schematic.

grooved thermosyphon. Finally, the heating coil made with
nichrome wire of two layers is winded on the evaporator sur-
face to provide the heat.

2.2 Experimental analysis

The illustrative representation of the experimental set-up and
schematic view of the experimental set-up used in the study is
presented in Figs. 1(a) and (b). The experimental set-up (Fig.
1(a)) consists of five basic units, classified as the chilling unit
with the range of 0-50 °C, power source unit, a wattmeter with
the range of 0-500 W, flow meter operating between 0-50 LPH,
and data logger unit (20 channel). The complete experimental
structure and experimental details are available in our previous
studies [35]. After all set, heat input was applied in the evapora-
tor using dimmer stat and the heat supply was monitored using
voltmeter and ammeter connected across the heating coil.
There are twelve thermocouples with +0.2 % accuracy in which
3 numbers in the evaporator, 3 in adiabatic and 4 in the con-
denser are used as shown in Fig. 1(b). One thermocouple
each in the inlet and outlet of the condenser cooling jacket was
also fixed. All thermocouples attached to the experimental set-
up are connected with a data logger unit where the tempera-
tures are recorded and displayed.

Once the heat input is supplied, the thermocouples attached
at different thermosyphon positions show the temperature for
every 30 seconds. After the steady-state achieved, the suc-
ceeding heat input shall be given with an interval of 5 watts. In
this study, evaporator temperatures T, is the average of Ty, T,
and T3 The adiabatic temperature T, is the average of Ty, T
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and Ts. The condenser temperature T, is the average of T, Tg,
To, and Tyo. The inlet and outlet water temperatures are taken
from T4; and T4,. The condenser section of the thermosyphon
was cooled by the continuous circulation of cooling water from
the chiller with a constant mass flow rate of 20 LPH at a tem-
perature of 10 °C.

The performance of thermosyphons is evaluated using the
heat balance test. The heat provided in the evaporator section
is estimated using Eq. (1).

Q,=VxI (1)
where V and | are the voltage and current supplied. The heat
transported by the thermosyphon is estimated using the New-
ton law of cooling, as shown in Eq. (2).

Qnut = ml X Cp,l X(T:mt - T;n) (2)
where m,,C,,T,.T,.0, and Q, are mass flow rate at the
condenser section, the specific heat capacity of water, inlet
water temperature, outlet water temperature, heat source, and

heat released.
The total resistance of the thermosiphon is calculated as

T, -T
R = o A3)
Qau/pul

and the thermal resistance at the evaporator and condenser is
calculated using Eqgs. (4) and (5), respectively

g =tal @)
0,

R =t e )
Qr)utpm

In this study, the adiabatic temperature 7, is taken as a va-
pour temperature throughout the experiment. Temperatures T,
T, and T, are the average temperatures of evaporator, adia-
batic and condenser.

The heat transfer coefficients at the evaporation and con-
denser section are estimated by using the Egs. (6) and (7)

Y O
CAXTT)

]’l — QOquul
©AXx(T,-T,)

Q)

7

A,,4.,h, and h, are the evaporator area, condenser area,
evaporator and condenser heat transfer coefficient. To check
whether the anodization affects the maximum heat transfer
limits, boiling limit, sonic limit and flooding limit of the thermosi-
phon is calculated using Egs. (8)-(10) [42]

0y =0.12% (2% R, )% " x{og (0, - p,)) " 8)

and, the sonic limit of the thermosiphon is calculated as

- YRT,
Qe = P, XN X A, [ v 1]] 9)

The flooding limit concerning adiabatic vapour temperature
calculated as below

-2

O poans =Kh Al 0g(p-p)] x(p"+p)"  (10)

The thermophysical properties of R134a and R717 are taken
from ASHRAE Handbook [43, 44], and same for R600a was
taken from ASHRAE, 2009, vapour density was taken from
R.D. Goodwin, 1982 for different vapour temperatures as
shown in Table 1.

Total global warming potential is calculated using Eq. (11)
[46]. GWP indicates the global warming potential, L represents
the leakage rate of the refrigerant per year, n, m and o are
the system operating time, amount of refrigerant filled in ther-
mosyphon and recycling factor of the refrigerant

Direct global warming potential

={GWPxLxn}+{GWPxmx(1-a)} (11)

The uncertainties in the heat load, heat transfer coefficient
(average of both evaporator and condenser), and thermal re-
sistances are 1.42 %, 4.85 %, 5.51 %, and 4.45 %.

3. Results and discussions

After the anodization process was completed, a sample
piece of anodized aluminium grooved pipe is analyzed using
SEM. Its surface morphology and contact angle are presented
in Figs. 2(a)~(c). From the SEM image, it was understood that a
thin oxide layer (porous structure) formed at the inner surface
of the grooved thermosyphon with a pore size of 2.053 pm due
to the anodization.

The contact angle of non-anodized surface using DI water as
measuring liquid is about 110 degree as presented in Fig. 2(c),
but the same for anodized surface is found to be less than 10
degree, which is very difficult to measure due to their high wet-
ting characteristics of the surface. After the characterization of
the surface, the performance of thermosyphon was studied.
The heat transfer performance of non-anodized grooved ther-
mosyphon was analyzed using R134a, R600a and R717 as a
working fluid while varying fill ratio between 20-80 %, inclination
angle between 0-90° with lower heat input (5-50 W).
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Table 1. Thermophysical properties of refrigerants.

R(eér;g:;raa)nt Non-anodized Anodized
Heat input Vapour Liquid density Vapqur Surfgoe Vapour Liquid density Vapqur Surfgce
W) temp:erature (Kg /m3) densng/ tension temp:erature (Kg /m3) densng/ tension
(C (Kg/m’) (N/im) (C) (Kg/m’) (N/m)
5 18.15 1232.16 26.18 0.009 17.42 1234.71 25.59 0.0091
10 18.83 1228.95 26.78 0.0089 18.45 1232.16 26.81 0.0089
15 20.87 1221.65 28.50 0.0086 19.65 1226.75 27.46 0.0088
20 22.21 1218.20 2943 0.0084 20.56 1221.65 29.46 0.0086
25 23.46 1212.55 30.81 0.0083 21.77 1218.83 29.29 0.0085
30 2553 1204.79 32.82 0.0080 22.73 1214.25 30.14 0.0083
35 26.08 1202.9 33.34 0.0079 23.62 1212.55 30.85 0.0082
40 28.016 1195.2 35.34 0.0076 2459 1208.25 31.88 0.0081
45 29.814 1188.26 37.30 0.0075 2552 1204.79 32.82 0.0080
50 30.90 1183.55 38.50 0.0073 27.49 1197.15 34.78 0.0077
R?é%%%':)nt Non-anodized Anodized
. Vapour Liquid Vapour Surface Vapour Liquid Vapour Surface
Hea;t/\llnput temperature density density tension temperature density density tension
W) (°C) (Kg/m®) (Kg/m®) (N/m) (°C) (Kg/m®) (Kg/m?) (N/m)
5 18.37 559.3 7.51 0.01086 17.307 560.15 541 0.01086
10 19.89 557.13 7.95 0.01069 19.93 557.13 7.95 0.01069
15 20.57 556.2 8.03 0.01061 20.54 556.2 8.03 0.01061
20 21.35 555.65 8.21 0.01054 21.21 555.4 8.21 0.01054
25 2317 553.15 8.64 0.010309 224 553.89 8.45 0.010403
30 25.01 550.65 9.09 0.001007 23.22 553.15 8.64 0.010309
35 26.21 549.4 9.40 0.0099 24.21 551.9 8.89 0.01019
40 27.18 548.15 9.67 0.00996 2523 550.6 9.09 0.01007
45 28.84 545.7 10.12 0.00985 25.90 549.52 9.32 0.00999
50 29.48 545.07 10.35 0.00959 26.75 548.46 9.54 0.0099
R?:???;nt Non-anodized Anodized
. Vapour Liquid Vapour Surface Vapour Liquid Vapour Surface
Heat input . . . ) ) .
W) temp:erature densng/ densng/ tension temp:erature densn:}/ densng/ tension
(C (Kg/m’) (Kg/m’) (N/im) (C) (Kg/m’) (Kg/m’) (N/m)
5 17.16 614.3 6.07 0.0224 15.82 616.2 5.84 0.0226
10 18.82 611.9 6.42 0.02205 17.00 614.5 6.07 0.0224
15 20.20 610.2 6.69 0.00217 18.59 612.2 6.37 0.0220
20 2153 607.9 6.97 0.0213 19.13 611.6 6.48 0.0219
25 23.02 605.7 7.30 0.02092 20.28 610.2 6.68 0.0217
30 24.05 602.8 7.53 0.0208 21.08 608.7 6.87 0.0214
35 25.59 601.9 7.89 0.0205 21.85 607.4 7.04 0.0213
40 27.02 599.7 8.247 0.0202 22.46 606.5 717 0.0209
45 28.60 597.3 8.64 0.0197 23.67 604.7 7.45 0.0211
50 30.3 595.2 9.07 0.0195 24.91 602.9 7.73 0.0205

Fig. 2. SEM image of anodized grooved aluminium pipe at 20 °C: (a) magnification at 1500; (b) magnification at 6000; (c) contact angel of non-anodized

surface.
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Fig. 3. Variation in the thermal resistance of non-anodized grooved thermo-
syphon at different heat loads and fill ratios.

3.1 Effect of fill ratio on the total thermal resis-
tance of non-anodized grooved thermosy-
phon

The significance of the fill ratio (20 %-80 %) on the total ther-
mal resistance of non-anodized grooved thermosyphon using
R717 concerning heat load was calculated using Egs. (3)-(5)
and illustrated in Fig. 3. The analysis showed a decreasing
trend of thermal resistance with the increase in heat load for all
the fill ratios. Also noticed that the thermal resistance of the
thermosyphon charged with 20 % fill ratio is higher than the
same with other fill ratios for all heat inputs. This higher resis-
tance may be due to the starvation of working fluid in the
evaporator. Increasing the fill ratio from 20 % to 30 % resulted
in a sudden drop in thermal resistance. This sudden change in
thermal resistance may be due to the adequate circulation of
working fluids from the condenser to the evaporator. Further,
an increase in fill ratio from 30 % to a higher fill ratio resulted in
a linear increase in thermal resistance. The other fill ratio or
excess quantity of fluid in the evaporator lead to additional
resistance and thus increases the total resistance of the ther-
mosyphon. Moreover, the highest reduction in thermal resis-
tance of 0.092 °C/W was observed in a 30 % fill ratio, which is
considered an optimum fill ratio for maximum heat transfer.
This reduction in thermal resistance is due to the thin liquid film
formed at the evaporator section. Further increase in filling
quantity lead to excess working fluid inventory in the evapora-
tor leads to higher liquid film thickness and to higher resistance.

3.2 Effect of inclination angle on the total
thermal resistance of thermosyphon using
R717

The significance of the inclination angle (0-90°) on the overall
thermal resistance of non-anodized grooved thermosyphon
was calculated using Eq. (3) while testing R717 with the opti-
mum fill ratio of 30 % and presented in Fig. 4. It was found that

0.34

2 0.29 % 5
S , 3
0.24 4
& % 1 § § i
:‘@' .
- 5
= 019 1 L Y %
£ : 3. I g s
£ z ¢ ¢ K
= 014 I £ K3
° ¥ z
fisd
x
0.09 T T T T T T
-5 10 25 40 55 70 g5 100
Inclination angle (©)
@ RTLT (10W) B R717 (15W) - R717 (20W)
R717 (25W) < R7I17 (30W) A RI7(35W)
R717 (40W) s R717 (45W) £ RT17 (50W)

Fig. 4. Total thermal resistance variation with inclination angle of non-
anodized grooved thermosyphon using R717 as a working fluid.

the thermal resistance followed a decreasing trend up to 60°
when the inclination angle was increased for all three working
fluids at all heat loads. The inclination angle of 60° is found to
be optimum for maximum heat transfer for both cases. This
optimum inclination may be due to the adequate circulation of
working fluid from condenser to evaporator at the optimum fill
ratio of 30 %. As the inclination angle increases, the gravity
effect increases, resulting in adequate fluid circulation and
decreasing resistance. At the inclination of 60°, the liquid circu-
lation may be maximum, resulting in the lowest resistance. At
90° inclination, the resistance is increasing due to forming a
liquid pool as the gravity attracts condensed liquid. Similarly, a
decreasing trend in thermal resistance and the optimum incli-
nation angle of 60° were observed for R134a and R600a as a
working fluid. The above optimum conditions are used to test
anodized grooved thermosyphon with R134a, R600a, and
R717 as working fluids.

3.3 The effect of anodization on the total ther-
mal resistance of grooved thermosyphon

The variation in total thermal resistance for both non-
anodized and anodized grooved thermosyphon with R134a,
R600a, and R717 as working fluids was calculated using Eq.
(3) and presented in Fig. 5(a). For R134a, R600a, and R717,
an exponential decrease in thermal resistance was observed
with increased heat input for both non-anodized and anodized
cases. The anodization of thermosyphon’s inner wall surface
promotes the generation of active nucleation sites and surface
wettability. This higher wettable surface enhances the rewetting
of hotspots, resulting in a further reduction in thermal resis-
tance and the surface temperature difference [35, 36]. More-
over, comparing three refrigerants, anodized thermosyphon’s
thermal resistance with R717 shows a maximum reduction of
34.4 % compared to the non-anodized case. Anodized thermo-
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Fig. 5. (a) Total thermal resistance; (b) evaporator thermal resistance; (c)
condenser thermal resistance of non-anodized and anodized grooved
thermosyphon at optimum conditions using R134a, R600a and R717 as a
working fluid.

syphon’s thermal resistance with R134a and R600a reduced
14.22 % and 17.77 % respectively compared to the non-
anodized case. The difference in evaporator thermal resistance
for both non-anodized and anodized cases using R134a,
R600a, and R717 as working fluid at an optimum fill ratio of
30 % and an inclination angle of 60° was calculated using Eq.
(4) and illustrated in Fig. 5(b). In this analysis, the exponentially
decreasing curve was observed for evaporator thermal resis-
tance with an increase in heat loads for both non-anodized and
anodized grooved cases at optimum fill ratio and inclination
angle. Moreover, the lowest thermal resistance profile was
found in the anodized grooved thermosyphon with R717 than
R134a and R600a. The variation in condenser thermal resis-
tance with increasing heat input for all the working fluids was
calculated using Eq. (5) and illustrated in Fig. 5(c). The expo-
nentially decreasing trend with increasing heat input was ob-
served as same as in Figs. 5(a) and (b). Further, the difference
between vapour (adiabatic) temperature and condenser wall
temperature increases dependently with heat loads and at a
higher heat load of 50W shows more temperature difference.
On comparing all three refrigerants, R717 shows the highest
reduction in condenser thermal resistance of about 40.6 %
than the non-anodized case. This reduction in thermal resis-
tance is occurred, possibly due to the surface tension of the
working fluid. R717 has higher surface tension than R134a and
R600a, results in more transportation of the condensed liquid
to the evaporator in R717 charged grooved thermosyphon,
which leads to a reduction in the condenser thermal resistance.

3.4 The effect of anodization on the evaporator
and condenser heat transfer coefficient of
grooved thermosyphon

Fig. 6(a) presents the evaporator’s heat transfer coefficient of
both non-anodized and anodized grooved thermosyphons
using R134a, R600a, and R717 for different heat inputs. A
linear increasing curve with an increase in heat input was ob-
tained for the heat transfer coefficient and attained a maximum
at a higher heat input of 50 W. Moreover, the anodized ther-
mosyphon’s heat transfer coefficient seems higher than the
non-anodized case for all the refrigerants. Further, an en-
hancement of 20.9 % was observed for R717 with anodization
over non-anodized thermosyphon. Similarly, the anodized
thermosyphon with R134a and R600a showed an enhance-
ment of 17.2 % and 18.1 %, respectively, compared to the non-
anodized grooved thermosyphon. The enhancement in the
evaporator heat transfer coefficient is due to the anodization
process. The anodization process forms a thin porous coating
that enhances the evaporation and boiling heat transfer. Fur-
ther, the anodization process enhances the porosity, the gen-
eration of additional active nucleation sites which promotes the
nucleate boiling, liquid absorbing capability and the increase in
surface area results in an enhancement in evaporation heat
transfer [47]. The variation in the condenser heat transfer coef-
ficient of non-anodized and anodized grooved thermosyphon

5218



Journal of Mechanical Science and Technology 35 (11) 2021

DOI 10.1007/s12206-021-1038-6

830 . Non anodized GT with R134a
= Non anodized GT with R600a i @
730 A Non anodized GT with R717
o 5 Anodized GT with R134a 3 il
o g Anodized GT with R600a
£ : _ oz
2 630 + &~ Anodized GT with R717 4
— L
€ i & gnm
o L B
S 530 A i g d " @
3 z @ u [}
e [ )
2430 A E B 0
. ]
@ o ¥ s
= i
© 330 - g
c x |
[ m K
% 230 s :
22| 2 .
Z .
130 T T T T T
0 10 20 30 40 50 60
Heat load (W)
. Non anodized GT with R134a (b)
850 - Non anodized GT with R600a
Non anodized GT with R717
. Anodized GT with R134a
%) 750 o Anodized GT with R600a
T 1 Anodized GT with R717 §
£ (]
5 650 4 g9
S i T 35
3 R
5] § 1
© 550 - % . ;
f i gzt
& 3 0 ! ¥
24504 & o
2 m 3§
L 0 0 g
2350 o ¥ '
= r %
6 u
o )
250 T T T T T
0 10 20 30 40 50 60

Heat load (W)

Fig. 6. Variations in (a) evaporator heat transfer coefficient; (b) condenser
heat transfer coefficient of non-anodized and anodized grooved thermosy-
phon at optimum conditions using R134a. R600a and R717 at different
heat loads.

with an increase in heat input was calculated using Eq. (7) and
illustrated in Fig. 6(b). An exponential increase in condenser
heat transfer with an increase in heat input was noticed. It was
also noticed that the anodized grooved thermosyphon with
R717 showed more enhancement at the condenser side due to
thin-film condensation on comparing with R134a and R600a.
Moreover, it was observed that the heat transfer coefficient in
the condenser is more significant than in the evaporator of
thermosyphon. This variation may be due to the heat transfer
mechanisms involved in the respective thermosyphon sections
evaporator and condenser respectively. Nucleate boiling in the

evaporator and film condensation in the condenser is expected.

In general, the heat transfer coefficient due to the condensation

is higher than the same due to the boiling process. The anodi-
zation process enhances the boiling resulting higher mass of
vapor flow from evaporator to condenser and same is con-
densed in the condenser results in higher heat transfer coeffi-
cient. A similar trend was observed in our previous study [35]
also. Further, the superior thermo-physical properties of Am-
monia with the combination of anodized surface further in-
crease the performance of thermosyphon over the application
of R134a and R600a.

3.5 Effect of anodization on the heat transport
limitations of grooved thermosyphon

The effect of anodization on the boiling limit of grooved ther-
mosyphon with R134a, R600a, and R717 was calculated using
Eq. (8) [42] and presented in Fig. 7(a). It was found that the
boiling limit increases slightly with an increase in adiabatic va-
pour temperature for both non-anodized and anodized grooved
thermosyphon for all three working fluids. Further, it was found
that the non-anodized and anodized grooved thermosyphon
using R717 showed a highest boiling limit than with the same
of R134a and R600a. This higher boiling limit was due to the
high latent heat of vaporization and lower vapour density of
R717. This increase in boiling limit suggests that the thermosy-
phon can be operated with additional radial heat flux. The sonic
limit of thermosyphons for different adiabatic vapour tempera-
ture was calculated using Eq. (9) and presented in Fig. 7(b). It
was found that the R717 showed a higher sonic limit compared
to R134a and R600a for both non-anodized and anodized
grooved thermosyphon. The flooding limit of grooved thermo-
syphon using R134a, R600a, and R717 as working fluids was
calculated using Eq. (10) and presented in Fig. 7(c). It was
found that the flooding limit of thermosyphons with all refriger-
ants increases with adiabatic vapour temperature. However,
the flooding limit of R717 is higher than the same of R134a and
R600a due to higher vapour velocities. This increase in heat
transfer limitations indicates that the combination anodized
thermosyphon with R717 has higher operational capability than
the other working fluid and surface combination.

3.6 Discussions on total equivalent warming
impact

Quantitative analysis on the emission, effect of environ-
mental and economic aspects of using alternative fuels in
automobile engines was studied [48-51]. It was clearly stated
that the use of alternative fuels in automobile engines reduces
the global warming potential and greenhouse gases in the
surroundings, which lead to a healthy atmosphere. Similarly, to
analyze the effect of using refrigerants on the global warming
potential, the total equivalent warming impact (TEWI) for three
working fluids (R134a, R600a and R717) was calculated using
Eq. (11). TEWI study measures the total global warming influ-
ence on the atmosphere due to the direct and indirect global
warming potential. Direct global warming may have resulted
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from the ground sources such as refrigerant leakage and indi-
rect global warming due to the burning of fossil fuels. Since the
system operates at the ground level, this study concentrates
only on direct global warming potential by neglecting the indi-
rect global warming potential. The amount of refrigerant filled in
the thermosyphons under optimum condition is 0.02721 kg,
0.01291 kg and 0.01359 kg, respectively, for R134a, R600a
and R717. The leakage rate of thermosyphon considered per
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Fig. 8. Comparison of overall thermal resistances of anodized GT working
with R134a, R600a, acetone and R717.

year was 0.0136, 0.0064 and 0.00679, respectively for R134a,
R600a and R717. The total equivalent warming impact was
calculated for 10 years, with 0.7 recycling factor. The analysis
found that the direct global warming potential of R134a, R600a
and R717 are 206.15, 0.336 and 0. It was also found that the
global warming potential with the application of R717 was zero.
Hence, this study recommends using R717 with an anodized
surface for a wide range of applications due to zero global
warming potential.

3.7 Validation of total thermal resistance of
anodized thermosyphon with similar stud-
ies

Fig. 8 presents the comparisons of the overall thermal resis-
tance of internally finned thermosyphon and anodized GT from
the published works. The comparison shows that the thermal
resistance profile of internally finned and anodized GT is lower
than the resistance reported in the previous studies. The above
results indicate that the combination of anodized GT with am-
monia outperforms previous studies.

4. Conclusion

The thermal performance of non-anodized and anodized
grooved thermosyphon has been investigated experimentally.
The effect of anodization on the thermal resistance, heat trans-
fer coefficient, wall temperatures, and heat transport limitations
was studied at an optimum fill ratio and inclination angle. The
following conclusions were drawn from the above-obtained
results.

+ The optimum fill ratio was found to be 30 % and the incli-
nation angle was 60° while using R134a, R600a, and
R717 as working fluids.

* The anodized grooved thermosyphon with the R717
showed maximum thermal resistance reduction of 34.4 %
than R134a and R600a with 14.22 % and 17.77 %, re-
spectively. Similarly, a maximum heat transfer coefficient
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enhancement of 20.9 % was observed for R717 with ano-
dization than R134a and R600a of 17.2 % and 18.1%, re-
spectively.

* The anodized grooved thermosyphon with R717 extends
the heat transport limitations concerning boiling, sonic and
flooding limitations than R134a and R600a.

* As the thermosyphon anodized surface and R717 showed
the highest performance, this combination may be suit-
able for lightweight low-temperature electronic cooling ap-
plications.
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Nomenclature

D : Depth of the groove (m)

w : Width of the groove (m)

o) : Surface tension (N/m)

2 : Coating thickness (m)

Vin : Voltage (v)

Iin : Current (A)

Qin :Heat input (Watts)

Les : Effective length of thermosyphon (mm)
iy : Liquid viscosity (Ns/mz)

My : Vapour viscosity (Ns/mz)

o : Liquid density (Kg/m3)

ov :Vapour density (Kg/ms)

A : Heat transfer area (mz)

A : Latent heat of vaporization (J/kg)

Mrate - Mass flow rate (kg/s)
Coi : Specific heat capacity of liquid (J/kgK)

T : Temperature (°C)

Qo : Heat rejected from the condenser (kg/s)
G : Acceleration due to gravity (m/sz)

Lt : Total length (mm)

R : Thermal resistance (°C/W)

h : Heat transfer coefficient (W/mz. °C)

GT : Grooved thermosyphon
LPH :Liters per hour

Greek symbol

6 : Inclination angle
Subscripts

in 2 Inlet

out : Outlet

eff : Effective

t : Thermosyphon
p : Pressure

v : Vapour

/ : Liquid

¢, w :Condenserwall
e,w :Evaporator wall
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Appendix

The following equations represent the uncertainty estima-
tions for thermosyphon.

AQ, _ [ﬂ]z{% ] (A1)
0, v, 1,

e
h q AT

AR _ \/(ﬂ} J{A(AT )] (A3)
R 0, AT,

In the above equations AV, , Al,, V, and I, are the
accuracy in voltage measurement, accuracy in measurement
of current, input voltage, and input current. The ¢ represents
the heat flux given and the AT is the difference in tempera-
ture between the evaporative section and adiabatic section
temperatures for 4. And for 4, AT is the difference in tem-

perature between the vapour and condenser wall.
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