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angles of 45°, 60°, and 90° for variable vacuum pressures. For this purpose, the inner, outer
diameter, and length of the vacuumed pipes filled with the distilled water were 26 mm, 28 mm,
and 1500 mm, respectively. This copper pipe was vacuumed until the absolute pressure of 6.32
kPa and immersed in a heat source at a constant temperature of 82°C at the beginning of the
experiments. The surface temperatures of the vacuumed pipes were measured at twenty different
points by using K-type thermocouples in two different data loggers. All calculations were per-
formed as variable saturation temperatures at variable vacuum pressures with changing the time.
According to the results, the experimental boiling heat transfer coefficients showed a good
agreement with the correlations in the literature. Also, the best thermal resistance was obtained in
the vacuumed copper pipe with a water volume of 10 ml at the inclination angle of 90° until the
end of the experiment.

1. Introduction

Day by day, people use more and more energy because of the advances in technology and comfortable life. Therefore, all countries
should utilize their limited energy efficiently to meet this considerable energy demand [1]. For this purpose, the systems like the
vacuumed pipes providing efficient heat transfer with phase transition between interfaces have started widely use nowadays [2]. Some
of them have been used with nanofluids [3], while some are related to different types of heat pipes [4].

The vacuumed pipes provide efficient heat transfer with phase transition between interfaces due to the evaporating has started in
low temperatures at vacuum conditions. The vacuumed pipe consists of three main parts: boiling, evaporating, and condensing sec-
tions [5]. When the fluid inside the vacuumed pipe is heated, it boils and evaporates, ascending to the top of the vacuumed pipe at a
constant temperature. At this point, the rising steam begins to condensate, and two-phase flow occurs inside the heat pipe [6]. Ac-
cording to the literature, the mechanism playing a primary role in the two-phase flow is one of the most economical and practical
methods [7,8]. Moreover, this mechanism has been used in different applications like flat-plate solar collector [9], absorption
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refrigeration [10], flow boiling in microchannel [11], the pulsating heat pipe [12], etc. In this way, energy could be utilized more
efficiently.

Jouhara et al. [13] have experimentally investigated the use of the water and ethanol-water azeotrope as working fluid in a
two-phase closed thermosyphon with an inclined condenser section. Their thermosyphon was manufactured from a 22 mm outer
diameter, 1.5 m long smooth copper tube with a tube wall thickness of 0.9 mm. Their study showed that the effective overall thermal
resistance of the heat pipe was found to decrease with increasing power throughputs up to a value after which R was found to stabilize.
Also, they reported that there was not a remarkable effect of the inclination angle (between 15° and 90°).

Sarafraz et al. [14] have experimentally studied a thermosyphon heat pipe’s thermal performance and efficiency using biologically
ecofriendly Ag/water nanofluids as working fluid. They fabricated the thermosyphon from the smooth copper tube with an inner
diameter, outer diameters, and total length of 10.7 mm, 12 mm, and 280 mm, respectively. According to the results, the best thermal
performance of thermosyphon was obtained at the filling ratio of 0.65 and inclination angle of 55° with wt.% = 0.4 of Ag/water
nanofluids.

Gedik [15] has experimentally investigated the thermal performance of a two-phase closed thermosyphon considering different
operating conditions like heating power inputs (200 W, 400 W, and 600 W), inclination angles (30°, 60°, and 90°), cooling water flow
rates (10 L/h, 20 L/h, and 30 L/h), and working fluids (water, ethanol, and ethylene glycol). A copper thermosyphon that was 100 cm
long had an inner and outer diameter of 18 mm and 19 mm, respectively, was used in the experiments. The results of this study showed
that the water attained the highest heat transport capability among three working fluids for the operating heat input of 200 W and the
cooling water flow rate of 10 L/h. Also, the heat transfer rate increased as the inclination angle increased, and water was more effective
in terms of thermal performance at low cooling flow rates. At the same time, ethylene glycol was a more effective working fluid at
higher flow rates.

Seo and Lee [16] have experimentally studied the thermal-hydraulic characteristics of an extended heat pipe with various length
scales in a small number of studies in the literature. For this purpose, they have utilized the heat pipes manufactured using stainless
pipe and had an inner diameter of 16.57 mm and lengths of 1 m, 2 m, and 3 m. According to their results, the entrainment limit points
were affected by the L/D value of the heat pipe; the effect of L/D was formulated from experimental results.

Naresh et al. [17] have experimentally investigated the heat transfer from a wickless finned heat pipe charged with different
self-rewetting fluids (hexanol, butanol, pentanol, heptanol). A copper pipe with a length of 500 mm, an outer diameter of 26 mm, and a
thickness of 3 mm was utilized as the closed thermosyphon system, and also an acrylic tube with a length of 200 mm was used as a heat
exchanger at the condenser wall. They tested the closed thermosyphon between the heat flux of 9182 W/m? and 21424 W/m? The
results of this study showed that the decrease of the evaporator temperature is 11% at the heat flux of 9182 W/m? and 14% at the heat
flux of 21424 W/m? as used the self-rewetting fluids instead of water.

Kusuma et al. [18] have studied the thermal performance of a straight vertical closed-thermosyphon that be a passive cooling
system on the nuclear-spent fuel pool. For this purpose, the heat pipe was made from a copper tube with a length of 6000 mm (each
length of 2000 mm at the evaporator, adiabatic, and condenser), with the outer and inner diameters of 107.6 mm and 106.1 mm,
respectively. The water was used as working fluid and charged into the heat pipe with various filling ratios of 40%, 60%, and 80% at
different heat loads of 1000 W, 1500 W, 2000 W, and 2500 W. According to the results, the thermal resistance would decrease by
increasing the heat load applied to the evaporator and coolant volumetric flow rate when a filling ratio of 80% was charged into the
heat pipe. Also, the natural circulation process had occurred more quickly when the heat pipe had the lowest thermal resistance.

According to the previous study in the literature, the experimental studies on the closed thermosyphon have usually performed in
the smaller length of that and the equal size of evaporator and condenser regions. Although different fluids have been used as working
fluid in the closed thermosyphon, the water has shown better thermal performance in most of the applications. Besides, the closed
thermosyphon has steadily been vacuumed and taken into account as constant saturation temperature at a constant vacuum pressure
during the experiments in the literature. In this study, the thermal performance of the vacuumed copper pipe was experimentally
investigated using different volume values (5 ml, 10 ml, 15 ml, and 20 ml) and inclination angles (45°, 60°, and 90°) for variable
vacuum pressures. For this purpose, the inner, outer diameter, and length of the vacuumed pipes filled with the distilled water were 26
mm, 28 mm, and 1500 mm, respectively. This copper pipe was vacuumed until the absolute pressure of 6.32 kPa at one time and
immersed in a heat source at a constant temperature of 82°C at the beginning of the experiments. All calculations were performed as
variable saturation temperatures at variable vacuum pressures with changing times.

2. Materials and methods

The vacuumed pipes provide efficient heat transfer with phase transition between interfaces due to the evaporating has started in
low temperatures at vacuum conditions. The vacuumed pipe was designed as a circular closed tube system, and two-phase flow heat
transfer mechanisms were experimentally modeled in cases such as boiling, evaporation, and condensation.

The vacuumed pipe is composed of three different regions; at the bottom is the liquid region, the evaporation region is in the
middle, and the condensation region is the other region of that. The valve located at the top of the vacuumed pipe provides the
connection between the pipe and the vacuum pump. Also, it controls the filling water liquid inside the vacuumed pipe. The liquid
region is the circular closed tube section filled with water liquid from the bottom to a certain height. When the vacuumed pipe is
heated, the water liquid in the bottom of the pipe begins to evaporate and runs into the evaporation region. The two-phase flow with
increasing temperature will reach the top region of the circular closed tube, and the two-phase fluid will condense because of the lower
temperature therein.
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2.1. Experimental setup

The thermal performance of vacuumed copper pipe was experimentally investigated using different volume values of 5 ml, 10 ml,
15 ml, and 20 ml with inclination angles of 45°, 60°, and 90° for variable vacuum pressures. For this purpose, the inner, outer diameter,
and length of the vacuumed pipes filled with the distilled water were 26 mm, 28 mm, and 1500 mm, respectively. This copper pipe was
vacuumed until the absolute pressure of 6.32 kPa at one time and immersed in a heat source at a constant temperature of 82°C at the
beginning of the experiments. The surface temperatures of the vacuumed pipes were measured at twenty different points by using K-
type thermocouples in two different data loggers. Also, a thermal camera was used to measure the temperature of the vacuumed pipe at
different inclination angles. The flow diagram of the designed test apparatus was given in Fig. 1.

According to Fig. 1a, the designed test apparatus consists of computer (A), data loggers (B-C), resistance heater-heat source (D),
vacuumed pipe (E), manometer (F), thermocouples (G-Z). The lengths of the twenty different points using K-type thermocouples were
shown in Fig. 1b, and the distances of K-type thermocouples were given in Table 1.

This pipe is dipped in the resistance heat source that has the water at the constant temperature of 82°C being over the saturation
temperature of 36.78°C at the pressure of 6.32 kPa. Also, the vacuumed copper pipe was filled with the water volume of different
values. The experimental period was taken as 10 min for the surface temperature of the vacuumed pipe reaching the constant values.
The test apparatus and the ambient of that were given in Fig. 2.

According to Fig. 2, the seven different thermocouples were used to record the average temperature of the evaporation region. In
comparison, the eight different thermocouples were used to record the average temperature of the condensation region. Besides, the
five different thermocouples were used to record the average temperature of the boiling region.

2.2. Theoretical analysis

The average temperature of the boiling (Tpoiave), €vaporation (Teyap.ave), and condensation (Tiongqave) for different regions were
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Fig. 1. The flow diagram of the designed test apparatus.
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Table 1

The distances of twenty K-type thermocouples.
Lengths L I, Iy L Is ls I ls ly Lo
Distance (mm) 10 20 20 20 20 100 100 100 100 100
Lengths I Lo Lis i s Lis L7 Lig Lo lao
Distance (mm) 100 100 100 50 50 50 50 50 50 20

Fig. 2. The test apparatus and the ambient of that.

monitored experimentally. These average temperatures were calculated as:

T, + T T; + T. T
Thorane = 1+ 2+53+ 3+ Ts (1a)
Toontine = Ty +Tis+ T+ 7;7 + T+ Tio + T )

Grashof number, an essential parameter in natural convection, is defined as an indicator of the ratio of the friction force of the

buoyancy effect of a flow element. This dimensionless number is calculated as:
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3
GFL = gﬁ(Tr ;2 TDO)L (2)
here 3, v, Ts, and T, are the volume expansion coefficient, kinematic viscosity, surface, and ambient temperatures. The natural
convection correlations for a vertical cylinder in laminar flows can be valid in the surround of the convection of the vacuumed pipe
because the boiling region of that is inside the water. In contrast, the condensation region is open to the ambient air. Churchill and Chu
[19] proposed a correlation of average Nusselt number for vertical cylinder:

2
— 0.387Ra)’®
Nuy = {0.825 + . ]8 = ®)

[1 +(0.492/Pr)°/'0

Here Ra;, and Pr are Rayleigh and Prandtl numbers, respectively [20]. Although Eq. (3) is valid for all Rayleigh numbers, this equation

is only used for the circumstance of D/L > 35/ Grz/ 4. The different correlations used for thin long vertical cylinders are necessary

because Eq. (3) did not meet this circumstance in this study. For this reason, the Nusselt number for the pipe with the length of H and
diameter of D is given [21,22]:

v A 7RauPr 44272+ 315Pr)H @
Ug =—
"73(5(20 + 21Pr) 35(64 + 63Pr)D
BATH?
Ray =821 ®)
av

here ATis the temperature difference between the pipe surface and the fluid reservoir while @ denotes the thermal diffusivity. Although

Eq. (4) is valid for all Rayleigh numbers, this equation is only used for the circumstance of D/H > Ra;ll/ *. The wall-averaged heat
transfer coefficient and the total heat transfer rate are calculated as:

ﬁ:kJZIMH 6)
Q=h(nx D x L,)AT @)

The mean heat transfer coefficient (hy,;) of the boiling region were calculated as [23,24]:
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Fig. 3. The change of the saturation temperature and pressure inside the vacuumed copper pipe for different time steps.
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0
7 % D % Ly) (Tpoiave — Trar) v

hpoi =
(

here T, is the saturation temperature. Besides, the mean heat transfer coefficient (h.oq) of the condensation region of the vacuum pipe
is calculated with the help of the equation given below [20]:

_ N Uecond ~ks
cond —

(9)

c

/ 1/4

PP, —p)kh

—0.943 g —p,)ki e
ﬂ[(Tsat - Tcond,ave)LL‘

here Nu,nq and h'fgdenote the mean average Nusselt number and corrected latent heat of vaporization obtained by considering the mass
transportation caused by thermal effects, respectively. Also, h}g is calculated as:

’

hy, =l (1+0.68 Ja) 10
here Ja is Jakob number and it is calculated as:
Ja=cp (T = Teondare) an
Besides thermal resistance (R) of the vacuumed pipe is defined [24]:
R— (Thoiave - Teond.ave) 12)
o

For the evaporation-condensation mechanism, the average saturation temperature was defined by using the vacuum pressure given
in Fig. 3 because the pressure has changed with increasing temperature at different times. On the other hand, the values of water
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Fig. 4. The change of temperatures at all thermocouples in the vacuumed copper pipe with the water volume of 10 ml at the inclination angle
of 90°.
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density (p,,q.-) and surface tension (o,_,) between phases for two multiphase are calculated by using the following equations [25]:

Drvater =150.4359 +2.14358 x T — 0.0051 x T? +2.27243¢ % x T? (13)
6, =0.083112 +0.000107 x T — 5.8¢™"" x T* +3.15661¢"° x T° 14
Pwater A0d 0,5 values have been calculated for different temperature values inside the vacuumed copper pipe.
The measurements were evaluated with the uncertainty analysis. The average of the measured values is given by (X):
X = & (15)
n
where n; the numbers of the measurement and X,,; the measured value. Standard deviation (SD) is given as follows:
N2
sp—y| 2 %) (. -] (16)
a (n—1)
Then, uncertainty (U) is given by Eq. (15) as following [26]:
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3. Results and discussion

A comprehensive experimental study was performed for the thermal performance analysis of the closed thermosyphon in detail.
The material of the closed thermosyphon was chosen as copper; the inner, outer diameter, and length of the vacuumed pipe that was
filled with the distilled water were selected as 26 mm, 28 mm, and 1500 mm, respectively. Also, this thermosyphon was vacuumed
until the absolute pressure of 6.32 kPa and immersed in a heat source at a constant temperature of 82°C at the beginning of the ex-
periments. The change of temperatures at all thermocouples in the vacuumed copper pipe with the water volume of 10 ml at the
inclination angle of 90° is given in Fig. 4.

According to Fig. 4, it is seen that the upper part of the thermosyphon gets warmer over time with the fluctuations. At first, the
highest temperature was reached at T5, and then this value started to increase again after a certain period of decrease. This point is
where the heat load was supplied to the thermosyphon, and there was low-density air depending on the vacuum inside the thermo-
syphon. On the other hand, there was no significant change in the heater and ambient temperatures during the experiment period.
Besides these, the temperature values have become the steady-state condition after 300 s because the temperature values for all
thermocouples have changed below the value of 0.5°C after this time. The change of dimensionless (a) T*boi,ave, (b) T*evap,ave, and (c)
T condave in the vacuumed copper pipe with all water volumes and inclination angles is given in Fig. 5.

According to Fig. 5a, the temperature of the vacuumed copper pipe first increased rapidly in the first dimensionless time of 0.2, then
decreased slightly, and then started to increase again for vacuum copper pipes with different initial temperatures.

Besides, in Fig. 5b, while T"¢yqp ave value of the vacuumed copper pipe with the same initial temperatures increased continuously
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Fig. 6. The change of Ray, h, and Ra;,l/ * values for the boiling region in the vacuumed copper pipe with all water volumes and inclination angles.
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until the end of the experiment, a faster increase was observed in 10 ml and 20 ml liquid volumes while T* evap.ave Values have increased
continuously at the inclination angles of 90°, 60°, and 45° during the experiment. From this point on, T" evap.ave Value of the 5 ml liquid
volume has tended to drop slightly while it has remained essentially constant at other liquid volume values. On the other hand in
Fig. 5¢, T" cond.ave Of the vacuumed copper pipe containing 10 ml liquid volume at a dimensionless initial temperature of 0.27 and
containing 45°, 15 ml, and 20 ml liquid volumes at dimensionless initial temperatures of about 0.37 shows a steady increase until the
end of the experiment. Also, T ;onqave Values for all inclination angles and water volumes have shown a similar trend with slight

differences in increase-decrease values. The change of Ray, h, and Ra;,l/ 4 values for the boiling region in the vacuumed copper pipe
with all water volumes and inclination angles are given in Fig. 6.

According to Fig. 6a, Ray values have shown a similar trend for the vacuumed copper pipe with all water volumes and inclination
angles. Besides, Ray values at the inclination angles of 45° and 60° were lower than the others for all seconds. Ray values have changed
between 3.65x10° and 2.46x10'° for the vacuumed copper pipe with all water volumes and inclination angles. Besides these in Fig. 6b,
h values have decreased with increasing time for the vacuumed copper pipe with all water volumes and inclination angles. The
maximum h value was calculated as 1226.69 W/m?K in the vacuumed copper pipe with the water volume of 15 ml at the inclination
angle of 90° while the minimum h value was found as 1033.72 W/m?K in the vacuumed copper pipe with the water volume of 10 ml at
the inclination angle of 45° for the time of 300 second. According to Fig. 6c, Ra;,l/ * values for the vacuumed copper pipe with all
water volumes and inclination angles were below the D/H value (0.28) of this study. Therefore, the calculated h values have been valid
for the usage of this work. The change of hy,; and h.,,g values in the vacuumed copper pipe with all water volumes and inclination
angles are given in Fig. 7.

According to Fig. 7a, hyy values have generally decreased with increasing time for the vacuumed copper pipe with all water
volumes and inclination angles while decreasing and increasing fluctuations. After 240 s, h,; values have reached the steady-state
because of the difference among hy,; values stayed a little at that time. On the other hand in Fig. 7b, hng values in the vacuumed
copper pipe with the water volume of 5 ml-15 ml and the inclination angles of 45°-60° showed the horizontal trend with increasing
time. The other h.y,q values have permanently increased after 240" second with increasing time. hy,; and hgonq values were assessed
after the time of 150%™ second because Thoiave Values stayed below Ty, values for the times before that. For this reason, hy, were
calculated as negative values before the time of 150" second. hpoi and h.,nq values have been assessed after 240™ seconds because the
evaporation and condensation have been steady from this time. Also, it was clear that the temperature difference was below 0.5°C after
300™ seconds.

The calculated heat transfer coefficients should be compared to the literature values to ensure the validity of the results of this
study. For this purpose, the experimental heat transfer coefficients were compared with the correlations of Shiraishi et al. [27] and
Imura et al. [28] from the literature [29].
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Fig. 7. The change of hyy; and heong values in the vacuumed copper pipe with all water volumes and inclination angles.
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here kyaters Cp,ger» @0 Hyyqeer Were thermal conductivity, isobaric specific heat, and viscosity of water while Py, and Pyapor WETE the
pressure and density of vapor, respectively. Also, g was the gravitational acceleration, and the change this value was considered of the
inclination angles.

hpoisni Versus hy,; values in the vacuumed copper pipe with the water volume of 5 ml, 10 ml, 15 ml, and 20 ml at the inclination
angle of 90° were in the range of -20% and 20%, although some values surpassed this range a little. Besides, hy; sp; versus hy,; values in
the vacuumed copper pipe with the water volume of 10 ml at the inclination angle of 45°, 60°, and 90° were in the range of -20% and
20% despite some values have surpassed these ranges a little. The change of mean error among hy,; jmy, versus hy,; values in the vac-
uumed copper pipe with all water volumes and inclination angles were given in Table 2.

According to Table 2, the mean absolute error among hy,; s versus hy,; values were calculated as 19.69%, 13.09%, 10.50%, and
17.36% for the water volume of 5 ml, 10 ml, 15 ml, and 20 ml, respectively, while these values were calculated as 19.14%, 13.36%, and
11.69% for the inclination angle of 45°, 60°, and 90°, respectively. On the other hand, the mean error among hyo; jmy Versus hy,; values
were calculated as 10.83% for the inclination angle of 45°, and this value was better than the mean error of hy,; sp; of that. Beside this,
the mean error among hy,; jmy Versus hy,; values were found as 11.43% and 8.53% for the water volume 5 ml and 10 ml, respectively,
and also these values were lower than the mean errors of hy; sp; Of that. On the other hand, the other mean error among hy,; i, Versus
hyo; values were worse than the mean errors of hy,; sp; of that.

The experimental boiling heat transfer coefficients showed a good agreement with the correlations of Shiraishi et al. [27] and Imura
et al. [28]. This study’s mean error values have shown a similar trend with the study containing the mean error between 2.6% and 36%
[30] for water as the working fluid in the literature. Also, these values in this study have been better than the study containing the
mean error of 14.3% [31] and the mean error between 14.99% and 24.28% [29] for some cases. These correlations have usually been
used for the nucleate boiling conditions in the closed thermosyphons, and these conditions have been valid for the temperature dif-
ference being nearly between 4°C and 30°C [32]. After 3000 second, Shiraishi et al. and Imura et al. correlations have not demon-
strated good results with the experimental results in this study because the temperature difference among the boiling and saturation
temperatures have decreased the values of 2-3°C. The change of R values for all water volumes and inclination angles at all times was
given in Fig. 8.

According to Fig. 8, R values for all water volumes and inclination angles have shown increasing and decreasing fluctuations. The
minimum R values were obtained in the vacuumed copper pipe with a water volume of 10 ml at the inclination angle of 90° until the
end of the experiment. On the other hand, the maximum R values were calculated in the vacuumed copper pipe with the water volume
of 5 ml at the inclination angle of 90° after 120™ second. R values were calculated as 0.0774, 0.0659, and 0.0404 for the inclination
angles of 45°, 60°, and 90°, respectively, while these values were obtained as 0.1009, 0.0454, 0.0899, and 0.0403 for the water
volumes of 5 ml, 10 ml, 15 ml, and 20 ml, respectively at the time of 300™ second.

The measurement devices’ technical properties and the uncertainty values of the measurement equipment for different water
volumes and inclination angles were given in Table 3 and Table 4, respectively.

According to Table 4, the maximum uncertainty value was obtained as +0.63 °C at T13 in the experiment of the vacuumed copper
pipe with a water volume of 5 ml at the inclination angle of 90°. In comparison, the minimum error was calculated as +0.06°C at T5 in
the experiment of the vacuumed copper pipe with a water volume of 10 ml at the inclination angle of 45°. On the other hand, the
uncertainty values were calculated as +1.20 kPa and +1.08 kPa for the experiment I and II.

4. Conclusion

In this study, the thermal performance of the vacuumed copper pipe was experimentally investigated using different volume values
(5 ml, 10 ml, 15 ml, and 20 ml) and inclination angles (45°, 60°, and 90°) for variable vacuum pressures. For this purpose, the inner,
outer diameter, and length of the vacuumed pipes filled with the distilled water were 26 mm, 28 mm, and 1500 mm, respectively. This
copper pipe was vacuumed until the absolute pressure of 6.32 kPa at one time and immersed in a heat source at a constant temperature
of 82°C at the beginning of the experiments. All calculations were performed as variable saturation temperatures at variable vacuum
pressures with changing the time.

The main results of this experimental study are given as:

1 hvalues have decreased with increasing time for the vacuumed copper pipe with all water volumes and inclination angles. Ra,;l /4
values for the vacuumed copper pipe with all water volumes and inclination angles were below the D/H value (0.28) of this study.
Therefore, the calculated h values have been valid for the usage of this work.

2 hy,; and h.,ng values have been assessed after 240™ seconds because the evaporation and condensation have been steady from this
time. Also, it was clear that the temperature difference was below 0,5°C after 300™ seconds.

3. The absolute minimum errors among hy,; sp; versus hy,; values were calculated as 10.50% and 17.36% for the water volume of 15 ml,
and 20 ml, respectively, while these values were calculated as 13.36%, and 11.69% for the inclination angle of 60° and 90°,
respectively. On the other hand, the minimum errors among hpo; ;my Versus hy,; values were calculated as 10.83% for the inclination
angle of 45°, while these values were found as 11.43% and 8.53% for the water volume 5 ml and 10 ml, respectively.

4. The minimum R values were obtained in the vacuumed copper pipe with a water volume of 10 ml at the inclination angle of 90°
until the end of the experiment. On the other hand, the maximum R values were calculated in the vacuumed copper pipe with the
water volume of 5 ml at the inclination angle of 90° after 120 second.
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Table 2
The change of mean error among hyo; shi and hpg; imy versus hyo; values in the vacuumed copper pipe with all water volumes and inclination angles.
Parameters 5 ml 10 ml 15 ml 20 ml 45° 60° 90°
Mean Error of Ay sni (%) 19.69 13.09 10.50 17.36 19.14 13.36 11.69
Mean Error of hyoi fmu (%) 11.43 8.53 20.96 29.43 10.83 21.91 20.23
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Fig. 8. The change of R values for all water volumes and inclination angles for all times.
Table 3
Technical properties of the measurement devices.
Measurement Devices Technical Properties Accuracy
Thermocouples K-type thermocouple. +1.5 °C or +1.5% of measurement value (Whichever is greater)
(T1-T20)
Vacuum Manometer Pakkens, Analog #3100 Manometer. + 1% over full scale.
Data Logger-1 Elimko PR-100, 12 channels. +0.5% of recording value or + 1 °C.
Data Logger-2 Elimko E-680 32 channels. +0.5% of recording value.

5 The maximum U value was obtained as +-0.63°C at T13 in the experiment of the vacuumed copper pipe with the water volume of 5
ml at the inclination angle of 90°. In comparison, the minimum of that was calculated as +0.06°C at T5 in the experiment of the

vacuumed copper pipe with the water volume of 10 ml at the inclination angle of 45°. On the other hand, U values were calculated
as +£1.20 kPa and +1.08 kPa for the experiment I and II, respectively.

The experimental boiling heat transfer coefficients showed a good agreement with the correlations of Shiraishi et al. [27] and Imura
et al. [28]. This study’s mean error values have shown a similar trend with the study containing the mean error between 2.6% and 36%
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Table 4
The uncertainty values of the measurement equipment for different water volumes and inclination angles.
Thermocouples U (°C)

90° 60° 45° 5 ml 10 ml 15 ml 20 ml
T1 0.30 0.12 0.09 0.27 0.27 0.24 0.24
T2 0.21 0.19 0.13 0.23 0.25 0.17 0.22
T3 0.32 0.18 0.10 0.26 0.30 0.24 0.28
T4 0.31 0.28 0.15 0.22 0.29 0.25 0.27
T5 0.21 0.13 0.06 0.18 0.25 0.17 0.22
T6 0.36 0.38 0.31 0.39 0.42 0.40 0.39
T7 0.42 0.37 0.33 0.40 0.40 0.39 0.36
T8 0.40 0.36 0.32 0.37 0.40 0.37 0.43
T9 0.43 0.38 0.36 0.37 0.40 0.44 0.42
T10 0.39 0.38 0.32 0.43 0.43 0.38 0.40
T11 0.39 0.36 0.31 0.43 0.40 0.41 0.39
T12 0.38 0.35 0.33 0.48 0.44 0.47 0.43
T13 0.43 0.37 0.37 0.63 0.48 0.62 0.47
T14 0.42 0.36 0.32 0.59 0.50 0.59 0.50
T15 0.40 0.39 0.34 0.55 0.49 0.50 0.53
T16 0.41 0.38 0.34 0.51 0.52 0.51 0.51
T17 0.43 0.39 0.33 0.45 0.53 0.45 0.52
T18 0.39 0.37 0.33 0.41 0.50 0.40 0.49
T19 0.40 0.37 0.34 0.37 0.42 0.33 0.45
T20 0.44 0.37 0.34 0.32 0.34 0.30 0.44

[30] for water as the working fluid in the literature. Also, these values in this study have been better than the study containing the
mean error of 14.3% [31] and the mean error between 14.99% and 24.28% [29] for some cases. These correlations have usually been
used for the nucleate boiling conditions in the closed thermosyphons, and these conditions have been valid for the temperature dif-
ference being nearly between 4°C and 30°C [32]. After 300t second, Shiraishi et al. and Imura et al. correlations have not demon-
strated good results with the experimental results in this study because the temperature difference among the boiling and saturation
temperatures have decreased the values of 2-3°C. Furthermore, the comprehensive numerical analysis development will continue as a
parametric study in detail by using this experimental study.
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