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ABSTRACT

This study investigates types of two-phase flow patterns that affect the heat
transfer rate. Occurring within two-phase closed rectangular cross sectional area
thermosyphon (RTPCT) and circle cross sectional area thermosyphon (TPCT) made of
heat-resistant glass tube inner diameters of 7 and 25.2 mm. Aspect ratio were 5 and 20,
the inclination angles were 0, 80 and 90°, the evaporator temperature were 50, 70 and
90 °C, the filling ration was 50% with respect to evaporator section and temperature
water of the condenser section was 20 °C. From the test results, the RTPCT inner
diameter 25.2 mm, the inclination angle was 90° and using water as working
fluids.There are four types of flow pattern including bubble flow pattern, slug flow
pattern, churn flow pattern and annular flow pattern for case aspect ratio was 20. By
churn flow pattern and the annular flow pattern affect the heat transfer rate. Also found
bubble flow pattern, slug flow pattern and churn flow pattern for case aspect ratio was
5. By slug flow pattern and churn flow pattern affects the heat transfer rate. And the
heat flux obtained from the RTPCT within the diameter of 25.2 mm, aspect ratio was 5
is the heat transfer rate per unit area is 2.60 kW/m? at the evaporation temperature of
90 °C.

When considering the TPCT diameters of 7 and 25.2 mm. Aspect ratio was
5, the inclination angles were 0, 80 and 90°, using silver nanoparticles and adding oleic
acid to reduce surface tension as working fluids. From the test results, the TPCT inner
diameter 7 mm, the inclination angles were 80 and 90°. There are four types of flow
pattern including bubble flow pattern, slug flow pattern, churn flow pattern and annular
flow pattern. By churn flow pattern and the annular flow pattern affects the heat transfer
rate of the TPCT with inner diameter of 7 mm-the inclination angles were 80 and 90°
respectively. In the TPCT test, the inner diameter of 25.2 mm at the inclination
angle was 80°. There are four types of flow patterns, including the bubble flow pattern,
slug flow pattern, churn flow pattern and stratified flow pattern respectively. By the
churn flow pattern and stratified flow patterns affects the heat transfer rate for this test
case. And the TPCT inner diameter of 25.2 mm at the inclination angle was 90°. There
are four flow patterns, including the bubble pattern, slug flow pattern, churn flow
pattern and the vortex flow pattern. The vertex flow pattern is a flow pattern that occurs
and when flowing, the temperature in the evaporator section starts to rise from 70 to 90



°C. By the churn flow pattern and the vortex flow pattern affects the heat transfer rate
for this test case. Also found the heat flux obtained from TPCT both inner diameter of
7 and 25.2 mm showed the highest heat transfer rate per unit area at evaporation
temperature of 90 °C, the inclination angle was 80°, ie 32.33 and 5.25 kW/m?,
respectively.

Keyword : flow patterns thermosyphon heat transfer
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CHAPTER 1
INTRODUCTION

1.1 Background

A two-phase closed thermosyphon (TPCT) is a wickless heat pipe. It has a high
heat transfer rate even though the heat source and the heat sink temperature is slightly
different. TPCT has a closed end pipe on both sides. Its components and working
principles as shown in Figure 1.1. TPCT contains working fluid inside. In general, it
consists of the evaporation section, the adiabatic section, and the condenser section.
The working principle of TPCT follow as; the evaporator is heated by the heating
source then working fluid as liquid phase change to vapor through the adiabatic
section to the condenser section as a heat sink. When the vapor of working fluid is a
move to the lower temperature, it is condensation. The condensation liquid will be
return to the evaporator by the gravity. When the fluid return into the evaporator
section. The advantages of TPCT are not external power to work, simple structure,
very little heat resistance, high efficiency and low maintenance costs [1].

Cooling O =

_4— Vapour

Liquid
condensate

-—

i
chulg’ %‘1—'}/

Figure 1.1 The two-phase closed thermosyphon [2].

The problems had found in TPCT such as 1) Generally, TPCT is constructed
from the straight tube. It had limit installation area; 2) The traditional working fluid of
TPCT for heat transfer process had low heat transfer properties. It was the reason for
research on this problem to increase the efficiency of the TPCT and improve the heat
transfer capacity of traditional working fluid by changing the cross sectional of the
TPCT from the circular to the rectangular. The TPCT called a two-phase closed
rectangular cross-sectional thermosyphon (RTPCT). RTPCT has more surface area
for heat exchange [3] with the working fluid can receive and release the heat because
it can reach to the centre of the cross section faster than the original TPCT [4]. The
working fluid also matters in the heat transfer of TPCT. The traditional working fluid
such as water or ethanol has low physical properties and hardly changed from liquid
to vapor [5]. Silver nanoparticles are an option for mixing with the traditional working



fluid because silver nanoparticles have the highest thermal conductivity of the
transition metal and provide better stability in traditional working fluid than other
metal [5]. However, the problem of nanoparticles is the integration of nanoparticles
that are rarely fragmented, uniform, and have a low dispersion time [6, 7]. The
addition of surfactant to silver nanoparticles improves the nanoparticles distribution
time [6, 8]. The silver nanoparticles with surfactants are called “Nanofluids
Containing Surfactant” It can increase the heat transfer to two-phase closed
thermosyphon rather than the traditional working fluid [9]. For heat transfer problem
of RTPCT and TPCT. It depends on the growing of internal flow pattern because each
flow pattern has different heat transfer capacities [10]. It correlates with various
variables such as working fluid, aspect ratio, the heat supplied to the evaporator, the
inner diameter of pipe and angle of inclination. There are studies on the flow pattern
of TPCT, such as the study of the internal flow pattern of inclined TPCT, which has
the inner diameter 12 mm and the working fluid is water, the mixture of water and
ethanol [11]. Chailangkar et al., study the visual of aspect ratio effects on the flow
patterns inside an inclined two-phase closed thermosyphon. TPCT that used in the test
inner diameter of 10, 12 and 28.5 mm and the working fluid is R123 [12]. They also
study the effects of internal flow patterns of an inclined two-phase closed
thermosyphon at normal operating condition [13]. From all relevant research found
that it is a study of the heat transfer characteristics and flow pattern of TPCT. In
normally condition, the study of TPCT used a straight tube with a circular cross
sectional, which still lack of study on flow pattern of RTPTC, which have been used
nanofluids containing surfactant is working fluid to identify the behavior and complex
phenomena of the flow patterns and heat transfer that systematically and clearly
occur. From the problems, this research aims to the study the behaviour and complex
phenomena of flow patterns and the heat transfer occurring in RTPTC, which have
been used Nanofluids Containing Surfactant is working fluid to understand the
internal flow patterns and the heat transfer characteristics. The results will be able to
use as a basis for a best performance of RTPCT application in the future.

1.2 Objectives of this study

1.2.1 To study the effect of working fluid, aspects ratio, the evaporator
temperature, inner diameter and inclination angle to heat transfer rate of two-phase
closed rectangular cross sectional thermosyphon (RTPTC) and circle cross sectional
thermosyphon (TPCT).

1.2.2 To study the effect of working fluid, aspects ratio, the evaporator
temperature, inner diameter and inclination angle to the flow patterns two-phase
closed rectangular cross sectional thermosyphon (RTPTC) and circle cross sectional
thermosyphon (TPCT).

1.2.3 To create the flow patterns map of two-phase closed rectangular cross
sectional thermosyphon (RTPTC) and circle cross sectional thermosyphon (TPCT).



1.3 Scope of study

1.3.1 Independent variables [3]
1.3.1.1 The working fluids were;
1) De-ionized water.
2) De-ionized water mixed silver nanoparticles concentration of 0.5 wt%
(NP) respect to total volume of water containing 1 wt% of oleic acid (OA) respect to
total volume NP.
1.3.1.2 The aspect ratios were 5 and 20.
1.3.1.3 The evaporator temperature 50, 70 and 90 °C
1.3.1.4 The inclination angles were 0, 80 and 90°
1.3.1.5 The two-phase closed rectangular and circular cross sectional
thermosyphon made by Pyrex tube an inner diameters were 7 and
25.2 mm.
1.3.2 Dependent variables
1.3.2.1 The average length of bubble.
1.3.2.2 The average speed of bubble.
1.3.2.3 The heat transfer rate.
1.3.2.4 The internal flow patterns of the two - phase closed rectangular
and circle cross sectional thermosyphon.
1.3.3 Control variables
1.3.3.1 Temperature water of the condenser section was 20 °C
1.3.3.2 The mass flow rate of feed water was 0.25 I/min.
1.3.3.3 The filling ration was 50% with respect to evaporator section.

1.4 Benefits of this study

1.4.1 The effect of working fluid, aspects ratio, the evaporator temperature,
inner diameter and inclination angle to heat transfer rate of two-phase closed
rectangular cross sectional thermosyphon (RTPTC) and circle cross sectional
thermosyphon (TPCT) will be achieved.

1.4.2 The effect of working fluid, aspects ratio, the evaporator temperature,
inner diameter and inclination angle to the flow patterns two-phase closed rectangular
cross sectional thermosyphon (RTPTC) and circle cross sectional thermosyphon
(TPCT) will be achieved.

1.4.3 The flow patterns map of two-phase closed rectangular cross sectional
thermosyphon (RTPTC) and circle cross sectional thermosyphon (TPCT) will be
achieved.



CHAPTER 2
Literature Review

For research on internal flow patterns and the heat transfer characteristics of the
two phase closed thermosyphon and study the theory and research papers related to
thermosyphon include.

2.1 Theory and working principle of a two phase closed thermosyphon
2.2 Nanofluids

2.3 Two phase flow pattern

2.4 Flow patterns map

2.5 Literature review

2.1 Theory and working principle of a two phase closed thermosyphon

The two phase closed thermosyphon (TPCT) is a wickless heat pipe. It is a heat
exchanger used to transfer heat from a heat source to a heat sink. The TPCT is a
straight pipe consisting of an evaporator section, an adiabatic section and a condenser
section as shown in figure 2.1.

«— —
-+ —»
Heat Sink™ — | Condenser Section
<+ —»
“— —
—»

Vapour Flow ——

Liquid Plo/ Adiabatic Section

Pool

~ » -
—"\ po q—
Heat Source ° e Evaporator Section
N (e
—» ¢
» Q =) <« .

Figure 2.1 Schematic of the two phase closed thermosyphon (TPCT) [9].

For the use of the TPCT, the evaporator section must be at a lower level than the
condenser section. Add a number of working fluid into the pipes that have drawn air
and sealed the pipes. The working fluid is inthe saturated liquid state. The evaporator
is heated by the heating source. The working fluid in the thermosyphon causes the
change of state. From saturated fluids become vapor and float up to the condenser
section. It is a bubble boil and a vapour plug. Using the latent heat of vaporization and
move to the condenser section when the vapour touch the area of the condenser
section at a lower temperature than the evaporator section. The vapor plug will change
state from vapour.Become liquid by collapsing into the evaporator section by based
on the gravity of the world. The working fluid is a vapour plug. It can transfer heat
from one end the other [1]. From the problem of the two-phase closed circular cross



sectional thermosyphon (TPCT) as mentioned in the background section of chapter 1.
Bring more study and research a two-phase closed rectangular cross-sectional
thermosyphon (RTPCT). By working principle of the RTPCT, It has a working
principle similar to the TPCT. Change cross sectional of a two-phase closed
rectangular cross-sectional thermosyphon (RTPCT). The RTPCT could be solved
with limited space availability for receiving thermal in the evaporator section and heat
transfer [3]. Which the rectangular cross sectional is affects the contact area for
obtaining more heat which affects boiling of the working fluids in the RTPCT. It also
causes the bubble to move better from the evaporator to the condenser and affects the
heat transfer.

2.1.1 Heat transfer characteristics

The heat transfer performance (Q) of a TPCT can be calculated from

equation (2.1) [3, 9].

Q== (2.1)

Ztotal

Thermosyphon at the incline position is the same as the vertical position.
But it is different in the internal flow behavior that occurs. As shown in Figure 2.2.
Formed a stratified flow pattern in the thermosyphon at the inclined position. The heat
transfer performance (Q) of TPCT at incline position was higher than the TPCT at the
vertical position. The condensed liquid flows down the bottom wall of the tilted side.
It is a wide area in the flow of vapors caused by volatile liquids from evaporation.

C ande \T‘j_/A

_.--""'1I. R

QI’J”[

Pool

Figure 2.2 Schematic of thermosyphon at the incline position [9].



The heat transfer performance of thermosyphon at the incline position can
be calculated form equation (2.2) (2.3) [3, 9].

Qincline = Qvertical X () (2.2)

Zincline = Zyertical X f(B) (2.3)

By AT is the temperature difference between the evaporator and
condenser

Zinclinea 1S the thermal resistance of inclination
Zyerticas 1S the thermal resistance of vertical
Qincline IS the heat transfer rate of inclination
Qvertical 1S the heat transfer rate of vertically
f(B) is the function of the inclination angle

2.1.2 Heat transfer characteristics

The resistance of a TPCT device can be split into ten values and divided
into three groups [3, 9]. Resistance is explained as follows in Figure. 2.3.

2.1.2.1 External resistance (Z1 and Zo).
2.1.2.2 Resistance form material property (Z;and Zs).
2.1.2.3 Internal resistance (Zs ,Z4 ,Zs ,Zs ,Z7 and Z1p).

The external resistance is the resistance from the outside wall of the TPCT
at both the evaporator and condenser sections. The internal resistance is the resistance
from the phase change of working fluids such as pool boiling or film boiling, when
the vapour pressure drops along the pipe. The resistance from the material property is
dependent on the type of material used [3, 9].

2.1.2.1 External resistance (Z1and Zo).
Z; and Zg represent the resistance from the external convection of
the pipe [3, 9].
1

Zl . heero (24)

1
Zg p hcoAco (25)

By h,, is heat transfer coefficient at the evaporator section, W/m?2.°C
h., is heat transfer coefficient at the condenser section, W/m?-°C
A, is outside wall area of evaporator section, m?

A, is outside wall area of condenser section, m?
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Figure 2.3 Model of total resistance of TPCT [3].

2.1.2.2 Resistance form material property (Z» and Zs).
Z> and Zg represent the resistance from the thermal conductivity if
the material is [3, 9].

In(32)

{2 = 2mLe Ky (2.6)
In(32

g = — (2.7)

By D, is outside diameter of the pipe, m
D; is inside diameter of the pipe, m
L. is length of the evaporator section, m



L. is length of the condenser section, m
k, is thermal conductivity if he material, W/m-°C

2.1.2.3 Internal resistance (Zz, Za, Zs, Zs, Z7 and Z1o).
Z3 and Z7 represent the internal resistance due to the working fluid
of pool and film boiling and is devised into [3].

Z3p IS resistance from pool boiling

1
ng = ©,892Q04(1tD;Le )06 (28)

Zss is resistance from film boiling at the evaporator section

. CQ1/3
By g is gravity, m/s?
C is constant of cylinder tube.
— (1Y 3\4/3 _
c=(5) S =0325
®d, is figure of merit (2)
LK;pf
@, = (5 (2.10)
®, is figure of merit (3)
p?.sk{)sco.{ P, 0.23
CD3 = O.325XW[P—J (211)

By Cp,; is specific heat of the working fluid at liquid phase, kJ/kg-°C
py is density of working fluid at vapour phase, kg/m?
P, is vapour pressure of the working fluid, Pa
P, is atmospheric pressure 101.3 kPa

And the condition using Zspand Zss

— Vi
p= (2.13)

By F is filling ratio that is defined by
A is area cross section of the pipe, m?
Z is resistance from film boiling of the working fluid at the
condenser section:



C 1/3
Zy = (2.14)

4/3
gl/SLCq)z/

Z7 and Zg is resistance due to the phase change at the evaporator
and condenser section respectively. Zs is resistance due to pressure drop along the
pipe. Zo is resistance due to heat conduction along the axial pipe. Normally, Z4, Zs,
Zs and Z1o are of small value and can be negligible.

However, the thermal resistance of RTPCT based on the concept
of TPCT. By thermal resistance both of TPCT and RTPCT depend on the body shape
characteristic can be defined by the cross sectional area, aspect ratio, the wetted
perimeter and radius of hydraulic in case DGCST.

For the aspect ratio (AR, AP), aspect ratio of RTPCT is the ratio
between the evaporation length and the four times the radius of hydraulic as shown in
equation (2.15). In part, aspect ratio of TPCT is the ratio between the evaporation
length and the internal diameter of pipe as shown in equation (2.16). The physical
characteristics of TPCT and RTPCT on the heat transfer phenomena of the difference
geometric cross sectional area of thermosyphon (DGCST).

The aspect ratio of RTPCT (AR) can be calculated from equation
(2.15) [3].

L.
AR = x (2.15)
In addition, the aspect ratio of TPCT (AP) can be calculated from
equation (2.16) [3].
Le

AP = (2.16)

For the wetted perimeter and radius hydraulic of the difference
geometric cross sectional area of thermosyphon (DGCST), as shown in Figure 2.4 [3].

P i
\ F Y
]E ‘?‘%% |
¥
(a) TPCT (b) RTPCT

Figure 2.4 Difference geometric cross sectional area of thermosyphon (DGCST)
(a) circular cross sectional (b) rectangular cross-sectional.
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The cross sectional area can be calculated from equation (2.17) [3].

A=""+ (xy) 2.17)

The wetted perimeter can be calculated from equation (2.18) [3].
W, = mY + 2x (2.18)
The radius of hydraulic can be calculated from equation (2.19) [3].

Ry = Wip = %j;ﬁm ismeaning 4R, = D; (2.19)

For heat transfer areas, this refers to the area of the surface of the
thermosyphon at the evaporation area or the surface of the condensed surface. In this
study, the length of the evaporator and the condensate is the same. This causes the
heat transfer area to evaporate and the heat transfer area from the condensate is equal.
The heat transfer area can be obtained from Equation (2.20).

A = mdL, (2.20)

For changing the cross section of thermosyphon in this research. If
considering the term change x. We find that the change is due to the y range change.
Cause changes in the cross-sectional area wetted perimeter and radius of hydraulic. It
affects the exposed areas that are exposed and exothermic. Due to the heat transferred
to the center of the cut, the speed difference is different. From the appearance of
different thermosyphon, it affects the flow pattern that occurs within the
thermosyphon.Each flow pattern has the ability to provide different heat transfer
values.

2.2 Nanofluids

“Nano” It measures the size, size or length of an object. According to the
metric, nanometer means one billionth of a section (1 nanometer is 10 of 1 meter)
with is about 10 times smaller than the smallest atom [9]. Most of the working fluid
used in the thermosyphon is traditional liquids, such as ethanol, ethylene glycol [14,
15, 16] with-have low heat transfer properties. Nowadays, the use of thermosyphon
compounds has been developed to improve the efficiency of heat transfer. Using
working fluid, there-are nanoparticles mixed with traditional liquids such as gold,
brass, copper, silver, and nanoparticles [17].

Nanofluids it is a solid and liquid material consisting of a solid nanoparticle or
nanoparticle. The size is about 1-100 nm-into the liquid. The nanoparticles suspended
in the base fluid. It shows the efficiency of heat transfer and heat transfer coefficient
[5, 9, 18]. Silver nanoparticles have very good thermal and electrical conductivity
properties. As shown in Table 2.1 to 2.3 show the properties of silver nanoparticles

[9].



Table 2.1 Silver nanoparticle properties [9].
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General properties

Name, symbol, atomic, number

silver, Ag, 47

Element category

transition metals

Standard atomic weight

107.8682 g.mol*

Electrons configuration 4910 5¢t
Electrons per shell 2,8,18,18,1
Physical properties

Color silver

Phase Solid

Density (near r.t.) 10.49 g.cm
Melting point 1234.93 K
Boiling point 2435 K

Heat of fusion 11.28 kJ mol*!

Heat of vaporization

250.58 kJ mol*

Specific heat capacity

25.350 J mol.K* (25 °C)

Table 2.2 VVapour pressure of silver nanoparticles [9].

Vapour pressure

P(Pa)

1

10

100

1k

10k

100 k

at T(K)

1283

1413

1575

1782

2055

2433

Table 2.3 Silver atomic properties [9].

Atomic properties

Crystal structure

face-centered cubic

Crystal structure

1, 2, 3 (amphoteric oxide)

Electronegativity

1.93 (Pauling scale)

lonization energies

1 st: 731.0 kJ/mol
2 nd: 2070 kJ/mol
3 rd: 3361 kJ/mol

Atomic radius 144 pm
Covalent radius 145+ 5 pm
Van der Waals radius 172 pm
Miscellaneous

Megnetic ordering diamagnetic

Electrical resistivity

15.87 nQQ.m (20 °C)

Thermal conductivity

429 W.m. K (300K)

Thermal diffusivity 174 mm?/s (300K)
Thermal expansion 18.9 um.m* K1 (25 °C)
Speed of sound (thin rod) 2680 m.s (r.t.)
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When nanofluids are used as working fluids within the two-phase closed
thermosyphon. The nanoparticle fluid reduces heat resistance and heat transfer fluid
[15]. Nano-fluid properties for high temperatures will depend on the thermal
conductivity greater than the basic liquid. Heat conduction depends on the
concentration of surfactants present in the nanosphere. In some cases, we will find
that the nanoparticle is unstable and the nanoparticles are precipitated [19, 20, 21].
Surfactants improve the stability of the nanosphere. By constant dispersion of
particles. Surfactants can absorb gases in the gaseous-fluid interface and reduce the
tension between the skins. The thinning agent may be trapped in a large amount of
solution [6, 22]. There are researchers have studied the properties of nanoparticles and
surfactants, as well as their applications. Including the behaviour characteristics of
surfactant-based nanoparticles and different methods of nano-fluid synthesis.

Studies on the thermal conductivity of 0.1- 0.4% nanoparticles (Ag)
nanoparticles were performed by ultrasonic vibration for 3 hours. Heat is increased to
10% at a concentration of 0.4% [23]. Nanofluids synthesis using high-pressure
nanoparticles silver powder the concentration of 0.1 - 0.3% (Ag). It was found that,
the thermal conductivity increased to 18% at 0.3% [24]. It can be seen that
nanoparticles in fluid has a better cooling capacity compared to water used in the
traditional heat pipe. Because nanoparticles can spread the temperature of the liquid
and reduce the boiling limits [18, 25]. Flow properties play a very important role in
the flow of fluid during use. Nano fluids have either natural or forced flow behaviour
including flow properties such as viscosity, stress, shear and shear rate. Different
systems will resist flow behaviour [26, 27]. In all the fluid, there is friction between
the molecules and therefore the flow resistance can be measured as the viscosity.
From studying the behaviour of flow of nanofluids. Titania nanoparticles at a
concentration of 8% in the EG group exhibit Newtonian behaviour at low shear rate
and shear viscosity, depending on the temperature and the concentration of
nanoparticles [28]. The investigated properties of 1% silver nanoparticles in ethanol
and polyvinylpyrrolidone (PVP) [8]. The results showed that PVP reduced the size of
nanoparticles. The viscosity of the liquid is low and the fluid behaviour is neonatal,
leading to higher thermal conductivity. Another reason is that nanofluids with
surfactant added affects surfactant and viscosity, resulting in altered physical
properties [29]. For example, Al>O3 in water at a ratio of 1:10 to ammonium poly
(PMAA-NH4), has shown reduced slump behaviour. (Reduced viscosity with
increased stress), good decomposition rate with 47.5% PMAA suspension. In
addition, it was found that at 4% by volume of ¢-Al>03, TiO2 and CuO nanofluids
were mixed with 0.5% by weight. Carboxymethyl cellulose (CMC) in deionized
water. It was found that at 4% by volume, nanofluids exhibited Non-newtonian
behaviour with reduced shear [30].

Researchers have been trying to learn-more about the properties of surfactant
nanoparticles. The investigation nanoparticles of silver nanoparticles (Ag) at a
concentration of 0.5%. By using oleic acid (OA) and potassium oleate (OAK™)
surfactant found nanofluids containing 1% of potassium oleate by mass gave rise to a
thermal conductivity of 11% at 20 °C to 28% at 80 °C. Compared to Deionized water,
the base fluid at work. It also found that shear and viscosity were reduced by the
addition of surfactants [17]. The silver nanoparticles contained in deionized water
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containing OAK™ will affect the flow behaviour of the nanofluids as a cause of
viscosity reduction [31]. Newtonian flow behaviour has been demonstrated [17].

2.3 Two-Phase Flow Pattern

Two-phase flow is the flow of matter with two simultaneous states. For the
internal flow of thermosyphon. It is the flow of vapor and liquid. This is very
complicated at the time of the flow. When considering the two-phase flow pattern
between the vapor and the liquid formed within the vertical pipe and the horizontal
flow pattern as follows.

2.3.1 Vertical Pipeline Flow Patterns [32]. As shown in Figure 2.5, it consists

of

2.3.1.1 Disperse bubble flow. There will be a small bubble group in the
space of the liquid. Between the bubbles, a thin film of foam bubble chamber.

2.3.1.2 Bubble flow. It is a fluid-state pattern that is continuous with
internal bubbles.

2.3.1.3 Slug or plug flow. In this flow. There will be bubbles formed like
a ball bearing. This may be intermittent and small bubbles are inserted.

2.3.1.4 Churn flow. When the flow speed is greater. The slug flow will
vary. The bubbles gather together to form an unstable range. If it is a large diameter
pipe, the liquid will shake up and down the pipe. If it is a small diameter pipe, there
may be no vibration of the liquid. However, it may be noted that the flow will change
into annular flow instead.

2.3.1.5 Annular flow. Fluid will flow around the pipe wall in thin film
form. Gas flow in the core. Some of the liquid will be whipped up in small drops. In
the gas core, or sometimes the gas bubbles will be swept into the liquid film as well.

2.3.1.6 Wispy annular flow. In the annular flow. If the flow rate of the
liquid film increases. The proportion of liquid droplets within the core of the gas will
also increase. Liquid droplets may form a large liquid within the core. This pattern

occurs when the flow rate is very high.

(Dizpersed bubble flow) (Bubble flow) (Shug or pliz flow) (Churn flow) (Annular flow) (Wizpy annular flow)

Figure 2.5 Two-phase flow pattern vertical pipe [34].

2.3.2 The two-state flow pattern between the vapor and the liquid formed
within the horizontal pipe [33]. As shown in Figure 2.6, consists of:
2.3.2.1 Stratified flow. Each phase is separated by gravity. The liquid
flows along the bottom of the pipe. The gas flows along the top of the pipe.
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2.3.2.2 Stratified wavy flow. In a stratified flow, if the gas velocity
increases. There will be waves at the surface between gas and liquid. Different from
stratified flow.
2.3.2.3 Dispersed bubble flow. In this flow, the gas bubbles are exhaled
into the liquid. If the flow is horizontal, the bubbles will gather at the top of the pipe.
At high system speeds. Bubbles may be unevenly dispersed and may clump together.
2.3.2.4 Annular-dispersed flow. The shape is similar to the vertical
annular flow. The difference is that the thickness of the film is not constant. The film
is thicker than the bottom of the pipe.
2.3.2.5 Intermittent flow. It is a pattern of periodic flow. Complexes in
different types of pipes in the horizontal. It is usually considered to be another kind of
extra flow. However, this flow can be divided into three types together.
2.3.2.5.1 Plug flow. In this flow. It is the same as in the vertical. There
will be a bubble slug to be observed. But it moves in a position near the top of the
pipe.
2.3.2.5.2 Slug flow. This flow is controlled by the flow channel along
with the air channel. The liquid state is continuous, but with large bubbles. The liquid
was drawn into it.
2.3.2.5.3 Semislug flow. A fluid wave forms at the surface of the layer
separating the bottom of the pipe.

G e )
R Y G — — 9
(Stratified flow) (Stratified wavy flow)

S eses T%2) ( /
A oRs \ ,
(Dispersed bubble flow) (Annular dispersed flow)
(=== T )

. ol R S ———— of
0 I R | R —
(Plug flow) (Slug flow)
T ).

—t

7éemmlué flow)
Figure 2.6 Two-phase flow pattern horizontal pipe [35].

For thermosyphon with the physical characteristics and different forms such as
Cross-sectional area, wetted perimeter and radius of hydraulic. It will directly affect
the boiling and flow patterns of the inner workings of the thermosyphon. The cross-
sectional area, wetted perimeter-and radius of hydraulic of the appropriate
thermosyphon will result in a rapid movement of vapors from the evaporator to the
condenser section. On the other hand, it is appropriate to flow the liquid film from
condensation into the evaporator. The flow pattern affects the heat transfer
characteristics of the thermosyphon. Because each flow pattern has the ability to
provide different heat transfer values.
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2.4 Flow patterns map

Flow patterns is a graph showing the relationship between flow patterns
Between vapors and liquid within a pipe. The purpose is to study flow patterns and
change flow patterns from one form to another. The flow chart is a 2D graph. With
showing the range (Regime) of the various flow patterns. The results of the plot. With
chart flow pattern for vertical flow. The popular propositions are generally presented
by Hewitt and Roberts [34]. As shown in Figure 2.7. By momentum flux is the rate of
momentum-to-space transfer. For momentum flux in vapor state and fluid flux
momentum. Can be obtained from equations (2.21) and (2.22).

Equation for calculating liquid momentum flux [10] is given by.

[G1-x)]?
ou? = p1X (2.21)

The equation for calculating gas momentum flux [10] is given by.

[GX]?

» (2.22)

PgUg =
By G is mass flux, kg/s-m?
X s vapor quality
u, is superficial liquid velocity, m/s
u, is superficial gas velocity, m/s
pg is density of working fluids invapor state, kg/m?
p; is density of working fluids in liquid state, kg/m?

10°4

Tao°
10°4 .
o
10" / >
= 4
10 /
10 | Wispy
10 Annular | Annular
|
2
ij 10 :_102 e LA | L AN i
oo - Churn _ — T
P
10 4 ye | Bubble
I 10 / \
3 /
\
14 // Y 4 L
It | Bubble slug
10" "'Slug
< o’
““8 =
" 10% iy L
T E—— -
phesm 4 10° 10° 10°* 10° 10°
L 1 1 1 1 1 1 1 1 1 1 1 1
T o oty e .
1 1ps’' 10 10° 10° 10 10 10
Py

Figure 2.7 Chart flow patterns [36].
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Equation for mass flux of two phase flow (Mass flux) is the mass flowing
through space per unit time [10], find it from.

G=Gy+G, (2.23)

Equation for liquid mass flux is the product of the liquid density versus the
velocity of the working fluids in the liquid state (Superficial liquid velocity) [10],
Find it from.

Gy = piy (2.24)

The equation for the vapor mass flux is the product of the vapor density
with the speed of the working fluids in the state of the vapor (Superficial gas velocity)
[10], is obtained from.

Gg = pglg (2.25)

By G, is liquid mass flux, kg/s-m?
G, is vapor mass flux, kg/s-m?

The equation for determining the velocity of working fluids in the state of
liquid (Superficial liquid velocity) [10], is obtained from.

_ VI _ ulAg
W=0 =
S S

(2.26)
The equation for determining the velocity of working fluids in the state of
vapor (Superficial gas velocity) [10], is obtained from.

_ E __ Ughs

Ug =730 = 1 (2.27)

By uy is velocity of working fluids in the state of liquid, m/s
u, is velocity of working fluids in the state of vapor, m/s
V, is volumetric flow rate of a working fluids in liquid state, m%/s
Vg is volumetric flow rate of a working fluids in vapor state, m®/s
A, is cross section area of working fluids flow, m?

Equation for vapor quality. The vapor quality value is the proportion of total
flow. Which is usually thought of as a vapor state [10], most of which is obtained
from.

Gg Gg

G GgtG

X = (2.28)
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For thermodynamic balance vapor quality values can be calculated based on
the enthalpy or specific volume of two phase. And the enthalpy or specific volume of
saturated liquid and vapor status [10], As shown in equation.

4 hTP_h] - Vrp—V) (2 29)

hg-hy  Vg=V,

By hrp is enthalpy values of two phase, J/kg
h; is enthalpy values in liquid phase, J/kg
hg is enthalpy values in vapor phase, J/kg
Vrp is specific volume values of two phase, m3/kg
Vj is specific volume values in liquid phase, m/kg
Vg is specific volume values in vapor phase, m*kg
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CHAPTER 3
Methodology

In order for the experiment to proceed properly and achieve the objectives.
Therefore, it is important to know the variable used in the experiment. Experimental
set, experimental procedure and analysis of experimental results. This is explained
in detail below.

3.1 Variable used in the experiment.

3.2 Building the two - phase closed rectangular sectional thermosyphon.
3.3 Nanofluid preparation.

3.4 Experiment set.

3.5 Equipment and tools used in experiments.

3.6 Installation procedure and experimental.

3.7 Analysis of experimental results.

3.1 Variable used in the experiment

3.3.1 Independent variables [3]
3.3.1.1 The working fluids were
1) De-ionized water.
2) De-ionized water mixed silver nanoparticles concentration of 0.5 wt%
(NP) respect to total volume of water containing 1 wt% of oleic acid (OA) respect to
total volume NP.
3.3.1.2 The aspect ratios were 5 and 20.
3.3.1.3 The evaporator temperature 50, 70 and 90 °C.
3.3.1.4 The inclination angles were 0, 80 and 90°.
3.3.1.5 The two-phase closed rectangular and circular cross sectional
thermosyphon made by Pyrex tube an inner diameter of 7 and
25.2 mm.
3.3.2 Dependent variables
3.3.2.1 The average length of bubble.
3.3.2.2 The average speed of bubble.
3.3.2.3 The heat transfer rate.
3.3.2.4 The internal flow patterns of the two - phase closed rectangular and
circle cross sectional thermosyphon.
3.3.3 Control variables
3.3.3.1 Temperature water of the condenser section was 20 °C.
3.3.3.2 The mass flow rate of feed water was 0.25 I/min.
3.3.3.3 The filling ration-was 50% with respect to evaporator section.

3.2 Building the two-phase closed rectangular sectional thermosyphon
The process of building the following.

3.2.1 Change the two-phase circular cross sectional thermosyphon (TPCT) to
the two - phase rectangular cross sectional thermosyphon (RTPCT). The body shape
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of the change of TPCT to RTPCT can be determined by the wetted perimeter [3] as
shown in Figure 3.1.

Figure 3.1 Outside surface area of fluid flow/Wetted perimeter [3].
The wetted perimeter [3], can be calculated from equation (3.1).
W, =mY + 2x 3.1

3.2.2 Select the rectangular cross sectional pipe to be approximately the same
size as calculated by the wetted perimeter. As shown in Figure 3.2.

Figure 3.2 The rectangular cross sectional pipe.
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3.2.3 Close pipe head with a copper plate. Small tubes are used for
vacuuming the pipe and filling working fluids. As shown in Figure 3.3.

Copper plate

Figure 3.3 The rectangular cross sectional pipe with installation Copper plate and
small tubes.

3.2.4 Make a vacuum inside the pipe and filling the working fluids.

Filling set

Vacuum pump

<
S
=
[
>
@
S
£
=
@
=
=

Figure 3.4 The vacuum inside the two phase closed thermosyphon and fill working
fluids by the filling set.
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3.2.5 When complete the steps. will get the two - phase rectangular cross
sectional thermosyphon (RTPCT). as shown in Figure 3.5.

;‘

Condenser 7
section

Working fluid

Evaporator section

Figure 3.5 The two - phase rectangular cross sectional thermosyphon (RTPCT).
3.3 Nanofluid preparation

For this research, the nanofluid was prepared in a sonicator (Bath type,
operating frequency and power source of the sonicator are 43 kHz and AC100
~120V/AC220~240V 50/60Hz, respectively.) for 6 hours. Nanoparticles were
prepared by a SIGMA-ALDRICH, Inc, USA. Firstly, Silver nanopowder < 100 nm
particle size, 99.9% (metals basis) were suspended into deionized water with
concentrations of 0.5 wt%. Secondly, silver nanoparticles were suspended into de-
ionized water with-concentrations of 0.5 wt% mixed with oleic acid (surfactant)
concentration of 1 wt%. and mixed with potassium oleate (surfactant) concentration
of 1 wt% [9].

3.4 Experiment Setup

3.4.1 The TPCT and RTPCT used in the experiment is made by Pyrex tube. It
has heat resistant properties. It is divided into 3 parts, evaporator section, adiabatic
section and condenser section, as shown in Figure 3.6. The length of the evaporation
section length of the adiabatic section and length of the condenser section are the
same length.
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Cross section area
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Figure 3.6 The two-phase closed circular cross sectional thermosyphon (TPCT) and
rectangular cross sectional thermosyphon (RTPCT) [3].

3.4.2 Hot jacket in the evaporation section and cold jacket in the condenser
section. made of clear acrylic. This is used to record fluid flow behavior within the
thermosyphon. Supply and cooling will use water to circulate in both the evaporator
and the condenser. As shown in Figure 3.7.

- -

il
acrylic

)

Cold jacket

-

-

Hot jacket

Figure 3.7 Supply and cooling in both the evaporator and the condenser.
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3.4.3 The experimental setup. As shown in Figure 3.8. Schematic diagram of
Experimental apparatus.
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Figure 3.8 Schematic diagram of experimental apparatus.

Figure 3.8 Schematic diagram of experimental apparatus which of the TPCT
and RTPTC. The parameters in this study consisted of the RTPCT and TPCT made by
Pyrex tube with an inner diameter of 7 and 25.2 mm, the working fluids were de-
ionized water, de-ionized water mixed silver nanoparticles concentration of 0.5 wt%
(NP) respect to total volume of water containing 1wt% of Oleic acid (OA) respect to
total volume NP and the filling ration was 50% with respect to evaporator section
respectively. The evaporator section temperatures were 50, 70, and 90 °C, the aspect
ratio were 5 and 20. The inclination angle were 0, 80 and 90° from the horizontal. The
condenser section temperature was 20 °C. The mass flow rate of feed water was 0.25
liter/min. In the experiments as show in Figure 3.8 the evaporator section of TPCT
soaked in the hot water within the glass box. The heat from the heater is controlled by
temperature control. The condenser section of TPCT is cooled by cold water and
control flow rate of cold water with flow meter. Temperature data were measures by 9
points type k-thermocouples with accuracy and Record by Data logger (Yokogawa
DX200) with accuracy. The flow meter used is Disco-BBBW1B98 with accuracy.
The point in temperature measurement consists, 1 point in hot water at the evaporator
section, 2 points in the hot bath by 1 point connect with the temperature control and 1
point connect with the Data logger, 2 points at the adiabatic section, 1 point for
environment, 1 point at inlet water of the condenser section, 1 point at outlet water of
the condenser section and 1 point at the cold bath. By the outlet and inlet water
temperature of the condenser section. It is used to determine the heat transfer rate that
can be obtained from equation 3.2.
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Q= rhCp(Tco - Tci) (3.2)
Thus the;
Q= f(rh' Teo, Tci) (3-3)

By Qis heat transfer rate, W
m is mass flow rate, kg/s
C, is specific heat capacity, ki/kg-°C
T,o IS outlet water temperature at the condenser, °C
T is inlet water temperature at the condenser, °C

For by heat transfer rate per unit area [1] obtainable from.

Q
Do LN

Q
q= el 3.4)
By q is heat transfer rate per unit area, W/m?

Q is heat transfer rate, W

D, is outer diameter of the pipe, m

A, is total surface area in condensate, m?

L. is condensed length, m

N is number of rods of condensed heat pipe

Error analysis of the heat transfer [9], can be obtained from;
0Q . 2Q 2Q B
Q= |GEx )2 + Grex Te)® + (5 Tin) ] (35)
3.5 Equipment and tools used in the experiment

3.5.1 Data logger was used to measure the temperature at any point and to
record the data, the YOKOGAWA DX200 model, 20 channels, has a temperature
range of -200 - 1100 °C with a resolution of + 0.1 °C. As shown in Figure 3.9.

Figure 3.9 Data logger
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3.5.2 Thermocouple, OMEGA model, Type-K. For measuring the temperature
difference between inlet and outlet water at the condenser, adiabatic surface
temperature, hot water evaporator temperature, environmental temperature, cold water
temperature at cold bath and the hot water temperature at the hot bath. As shown in
Figure 3.10.

Figure 3.10 Thermocouple

3.5.3 Filling working fluids set, Used to filling working fluids. It is connected to
a vacuum pump to vacuum within the thermosyphon. Includes pressure gauge and
glass tube for measuring the amount of filling working fluids. As shown in Figure
3.11.

" i

Figure 3.11 Filling working fluids set

3.5.4 Vacuum pump, Brand: 1 Stage Vacuum Pump (VE135) 3.5 CFEM
compressed air volume 5 Pa. The vacuum pump is used for making vacuum inside the
thermosyphon. Before filling the working fluids. As shown in Figure 3.12.
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Figure 3.12 VVacuum pump

3.5.5 Video camera, Fuji film Fuji HS10 30-x focus lens 10.3 megapixel
resolution. Full HD movies (1,920x1,080). Used to record the flow pattern of
thermosyphon. As shown in Figure 3.13.

Figure 3.13 Video camera

3.5.7 Flow meter, Brand LZT Model M-15, Accuracy of 4%, Used to measure
the flow of water at the entrance of the condenser. As shown in Figure 3.14.

Figure 3.14 Flow meter

3.5.8 Cold bath is used to control the water temperature before entering
condenser section. The model used is an EYELA CA -1111, an operating temperature
range of -20 °C to 30 °C and %2 °C, as shown in Figure 3.15.
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Figure 3.15 Cold bath

3.5.9 Hot bath made of heat-resistant plastic. Install heater 2000 watts for
heating. As shown in Figure 3.16.

Figure 3.16 Hot bath

3.5.10 High Temperature Water Pump DC 12 volt. Maximum flow rate: 8
L/min (2.1GPM). Maximum water temperature: 100 °C. As shown in Figure 3.17.

Figure 3.17 Pump DC 12 volt

38
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3.6 Installation Procedure and experimental

3.6.1 Vacuum and filling the working fluids into the TPCT and RTPCT.

3.6.2 Assemble the TPCT, RTPCT and experimental kits into the experimental
stand.

3.6.3 Installation of measuring instruments and video cameras.

3.6.4 Turn on the Back Light. In order to clearly see the flow pattern inside.

3.6.5 Turn on the hot bath switch and the hot water will be sent in the
evaporator. And adjust the voltage as set in the variable.

3.6.6 Turn on the water cooler (cold bath). The cold water is sent to the
condenser.

3.6.7 When the system enters a steady state, record video with a video camera
and still images with a digital camera.

3.6.8 Record the temperature difference between inlet and outlet water at the
condenser, adiabatic surface temperature, hot water evaporator temperature,
environmental temperature, cold water temperature at cold bath and the hot water
temperature at the hot bath with temperature recorder.

3.6.9 Experiment from the first to the last. To the extent prescribed. All
experiments were completed.

3.7 Analysis of the results

3.7.1 A study of factors affecting the internal flow pattern and heat transfer
characteristics of rectangular cross sectional thermosyphon (RTPTC) and circular
cross sectional thermosyphon (TPCT). Apply techniques and theories. Used to
analyze the results.

3.7.2 The experimental results obtained from the observation of video and
photographs were compared with the two phases flow pattern theory in vertical and
horizontal tubes. To summarize the internal flow patterns of the rectangular cross
sectional thermosyphon (RTPTC) and circular cross sectional thermosyphon (TPCT),
respectively.

3.7.3 The average length of the bubble (Lv) analyzes the average length of the
bubble from the photo obtained from the digital camera. It measures the length of the
bubble in the axial direction of the rectangular cross sectional thermosyphon
(RTPTC) and circular cross sectional thermosyphon (TPCT). And then gives the
average length of the bubble.

3.7.4 The average velocity of the bubbles (ug) is the average velocity of the
bubbles analyzed by the motion picture obtained from the video camera. Analyze the
internal flow patterns that occur. The video camera can control the movement of the
image to speed or slow, as you want. This makes it possible to calculate the velocity
of the bubbles. The internal flow pattern will be measured from the start of the vapors
in the evaporator section until the bubbles float through the adiabatic section to the
condensate section, respectively.

3.7.5 Analyze data for heat transfer. Calorimeter is calculated from equation.

Q = mCp(Teo — Tey) (3.8)
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By Q is heat transfer value, W
m  is mass flow rate, kg/s
C, s specific heat capacity, kJ/kg-°C
Tco is condensate water outlet temperature, °C
Tc;  is condensate water inlet temperature, °C

Heat transfer rate per unit area, Find the equation.

- Q_ _Q
9% A0~ TDoLeN (3.9)

By qis heat transfer rate per unit area, W/m?
Q is heat transfer value, W
D, is outside diameter of pipe, m
A, is total surface area condensate, m?
L. is length in the condenser, m
N is number of thermosyphon in the condenser

3.7.6 The data from the experimental results were used to create a flow pattern
map for predicting the behavior of internal flow patterns and grouping flow patterns
relative to momentum flux in vapor states and momentum flux in liquid states. Find
the equation.

The liquid momentum flux is determined by the equation.

[G(1-X)]?
puZ = % (3.10)

The gas momentum flux is determined by the equation.

[Gx]?

- (3.11)

Pgug =
By G is mass flux, kg/s-m?
X Is vapor quality
pglis density of working fluids in vapor phase, kg/m®
py is density of working fluids in liquid phase, kg/m?

Vapor quality is the proportion of total flow. This is usually thought of as a
vapor phase. Find the equation.

¥ Gg
G Gg+G

X =

(3.12)

The quality of the vapor can be calculated from the enthalpy or the specific
volume of two phase and enthalpy. The specific volume of the liquid is saturated and
the vapor phase. As shown in equation.
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htp—h; Vrp-V]
X = = 1
hg—h;  Vg-V) (3.13)

By hrp is enthalpy of two phase, J/kg

h; is enthalpy in liquid phase, J/kg
is enthalpy in vapor phase, J/kg
Vrp s specific volume of two phase, m3/kg
V, s specific volume of liquid phase, m*/kg
Vg is specific volume of vapor phase, m3/kg

Flux Mass of two phase flow is the mass flowing through space per unit
time. Find the equation.

G =G4+ G, (3.14)

Liquid mass flux is the product of the liquid density and the surface velocity
of the working fluids in the liquid phase. Find the equation.

G = piy (3.15)

Vapor mass flux is the product of the vapor density and the superficial
velocity of the working fluids in the vapor phase. Find the equation.

Gg = pgliy (3.16)

By v, is the superficial velocity of working in the liquid phase, m/s
u, is the superficial velocity of working in the vapor phase, m/s
G, is liquid mass flux, kg/s-m?
Gy is vapor mass flux, kg/s-m?

Superficial velocity of working in the liquid phase. Find the equation.

=V wAs
U= S e (3.17)

Superficial velocity of working in the vapor phase. Find the equation.

_ Vg ughAs
N (3.18)

By u; is the superficial velocity of working in the liquid phase, m/s
ug Is the superficial velocity of working in the vapor phase, m/s
V) is voalumetric flow rate of the working fluids in the liquid phase,
m°/s
Vg is volumetric flow rate of the working fluids in the vapor phase,
m/s
A, is cross-sectional area flow of working fluid, m?



CHAPTER 4
Results and Discussion

From studying about the effect of working fluid, aspects ratio, the evaporator
temperature, inner diameter and inclination angle to flow patterns and heat transfer
rate of two-phase closed rectangular cross sectional thermosyphon (RTPTC) and
circular cross sectional thermosyphon (TPCT). By two-phase closed rectangular cross
sectional thermosyphon (RTPTC) and circular cross sectional thermosyphon (TPCT)
made of heat-resistant glass tube inner diameters of 7 and 25.2 mm. Aspect ratio was
5, the inclination angles were 0, 80 and 90°, the evaporator temperature were 50, 70
and 90 °C, the filling ration was 50% with respect to evaporator section and
temperature water of the condenser section was 20 °C and the mass flow rate of feed
water was 0.25 I/min. The working fluids were De-ionized water, de-ionized water
mixed silver nanoparticles concentration of 0.5 wt% (NP) respect to total volume of
water containing 1 wt% of oleic acid (OA) respect to total volume NP.

For photography, the internal flow pattern obtained from the experiment will
show only the image within the evaporator section of two-phase closed rectangular
cross sectional thermosyphon (RTPTC) and circular cross sectional thermosyphon
(TPCT). Which will select the photos that have the behavior of boiling and flow
caused by changing the flow pattern clearly.

4.1 The work and behavior of flow patterns within two phase closed
thermosyphon

Flow behavior within two-phase closed rectangular cross sectional
thermosyphon (RTPTC) and circular cross sectional thermosyphon (TPCT) as shown
in Figure 4.1 starts from the heat that evaporates through the pipe wall. The
temperature of the pipe surface will gradually rise to higher than the saturation
temperature of the working fluids. The heat transfer from the pipe wall to the working
fluids. Resulting in a decrease in the viscosity and density of the working fluid when
the temperature of the evaporator increases. The temperature difference between the
pipe surface temperature and the temperature of the working fluids will also increase
as well. The formation of a vapor bubble and the movement of the fluid up. It isa
bubble flow with the accumulation of energy in the form of velocity and pressure. By
increasing velocity of bubble flow, resulting in a vapor bubble colliding and gathering
together. Resulting in the expansion of the vapor bubble until it is larger in size,
which is similar.to the bearing, also known as the slug flow. When there is a collision
between lumps, it changes the flow pattern from the slug flow pattern to the churn
flow. When the speed of the bubble has a very high speed, it will cause a gap in the
middle of the pipe. Which the gas is flowing in the middle of the pipe and there is the
working fluids that is a liquid film on the surface of the pipe, also known as annular
flow. From the flow pattern mentioned above is considered a basic flow pattern found
in testing with two-phase closed rectangular cross sectional thermosyphon (RTPTC)
and circular cross sectional thermosyphon (TPCT) at the angle of 80 and 90° as
shown in Figure 4.2. In addition also found stratified flow patterns and vortex flow
patterns occurring with the TPCT test within the inner diameter of 25.2 mm at the
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inclination angles of 80 and 90° respectively, use working fluids while testing is de-
ionized water mixed silver nanoparticles concentration of 0.5 wt% (NP) respect to
total volume of water containing 1 wt% of oleic acid (OA) respect to total volume NP.
With a vortex flow pattern found at the inclination angle of 90° evaporation
temperature 70 and 90 °C. Which the flow characteristics of the vapor are moving
near the surface of the inner tube on both sides, by the gap in the middle of the pipe is
the fluid part which the gap in the middle of the pipe is found to be the characteristic
of the working fluids that is in the liquid phase that flows back from the condensation
that condenser section into the evaporator section. In terms of stratified flow there will
be a clear separation from each other. There is a liquid flow at the bottom of the pipe
and the vapor will flow along the top of the pipe [33] as shown in Figure 4.2. The
flow pattern that occurs will move up to heat the condenser section. When the
working fluids is condensed and changed from vapor to liquid as a result, the working
fluids has increased weight and moved down to the gravity to get the heat that the
evaporator section is a continuous working cycle.

«— —»T
«— —>
«— —
Cooling Condenser Section
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Figure 4.1 The working of two-phase closed thermosyphon.
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Bubble flow Slug flow Churn flow  Annular flow

Figure 4.2 Behavior of flow patterns; bubble flow, slug flow, churn flow and annular
flow.

Stratified flow Vortex flow

Figure 4.3 Behavior of flow patterns; stratifield flow and vortex flow.
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4.2 Effect of the evaporator temperature and aspect ratio on flow patterns of
two-phase closed rectangular cross sectional thermosyphon (RTPTC)

From Table 4.1, the effect of evaporator temperature 90, 70 and 50 °C, aspect
ratio was 20 and the inclination angle of 90°. The working fluids used is water tested
with two-phase closed rectangular cross sectional thermosyphon (RTPTC) inner
diameters of 25.2 mm. From the test found that at the evaporator temperature 90 °C,
found were four flow patterns consists of bubble flow pattern (BF) formed a flow
pattern of 0.52% and the average velocity of the bubble and the average length of the
bubble is 0.063 m/s, 0.0054 m respectively. Slug flow pattern (SF) formed a flow
pattern of 11.73% and the average velocity of the bubble and the average length of the
bubble is 0.122 m/s, 0.0369 m respectively. Churn flow pattern (CF) formed a flow
pattern of 15.96% and the average velocity of the bubble and the average length of the
bubble is 0.134 m/s, 0.074 m respectively and annular flow pattern (AF) formed a
flow pattern of 32.12% and the average velocity of the bubble and the average length
of the bubble is 0.162 m/s, 0.125 m respectively. No flow pattern was found at
20.26%. Which the velocity of the flow pattern will tend to increase as the flow
pattern changes from the bubble flow pattern, slug flow pattern, churn flow pattern
and annular flow pattern. In the case of no flow pattern. When considering the heat
transfer value obtained from the experiment, it is lower than the theoretical heat
transfer value. Causes the convection coefficient that should be caused by the
experiment in the two-phase flow pattern is lower than the theoretical value. Which
convection coefficient has a direct impact on the no flow patterns. Together with the
area of the formation of two - phase flow patterns consisting of gas phase and liquid
phase in which the liquid phase is directly affected by the no flow patterns.

From the consideration of evaporator temperature 70 °C as shown in table 4.1
found were four flow patterns consists of bubble flow pattern (BF), slug flow pattern,
churn flow pattern (CF) and annular flow pattern (AF) respectively. Bubble flow
pattern (BF) formed a flow pattern of 0.78% and the average velocity of the bubble
and the average length of the bubble is 0.05 m/s, 0.0072 m respectively. Slug flow
pattern (SF) formed a flow pattern of 12.17% and the average velocity of the bubble
and the average length of the bubble is 0.0095 m/s, 0.0367 m respectively. Churn flow
pattern (CF) formed a flow pattern of 13.69% and the average velocity of the bubble
and the average length of the bubble is 0.11 m/s, 0.060 m respectively and annular
flow pattern (AF) formed a flow pattern of 25.52% and the average velocity of the
bubble and the average length of the bubble is 0.13 m/s, 0.120 m respectively. No
flow pattern was found at 47.84%. Also found that at the evaporator temperature of 50
°C, heat transferred from the hot jacket to the evaporator section and pass through the
wall pipe to the working fluids is not high enough. Which the bonding force between
the molecules of the working fluids with the particles that are the internal components
of the RTPCT pipe with a high value. Therefore, the heat at the evaporator
temperature of 50 °C through the wall of the pipe into the working fluids cannot
destroy the bond between the molecules of the working fluids causing the flow pattern
to not be found.
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Table 4.1 Effect of the evaporator temperature 50, 70 and 90 °C, aspect ratio was 20
and the inclination angle was 90°. The working fluids is water tested with
two-phase closed rectangular cross sectional thermosyphon (RTPTC) inner
diameters of 25.2 mm.

The evaporator temperature was 90 °C

annular flow Churn flow Slug flow Bubble flow
U L U L U Ug(m/s q
[ 9 v 0, 9 v 0, g 0, 9
Y | @ | | m | P iy | ™% L(m) (\%) (KW
321 | 016 | 012 | 159 | 0.13 | 0.07 | 11.7 | 0.12 | 0.036 | 05 0.063 0.005 )
2 2 5 6 4 4 3 2 9 2 ' 4
N
I
)1
|
1
Al
\ I 77.6 1.52
|
1
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Table 4.1 (continuous) Effect of the evaporator temperature 50, 70 and 90 °C, aspect
ratio was 20 and the inclination angle was 90°. The working fluids is water
tested with two-phase closed rectangular cross sectional thermosyphon

(RTPTC) inner diameters of 25.2 mm.

The evaporator temperature was 70 °C

Annular flow Churn flow Slug flow Bubble flow
% Ug(m/s | L,(m % Ug(m/s | Ly(m % Ug(m/s | Ly(m % Ug(m/s | Lu(m ow q(kW/m2
) ) ) ) ) ) ) )
255 13.6 12.1 0.7 )
0.130 0.120 0.110 0.060 0.095 0.0367 0.050 0.0072
2 9 7 8
e
\’ 25.62 0.50
v
1 N
1 |
1 |
1 | B
| L 191,
<+ / A
- I
Iy 1
V-
o
- B
‘ L ||
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Table 4.2 Effect of the evaporator temperature 50, 70 and 90 °C, aspect ratio was 5
and the inclination angle was 90°. The working fluids is water tested with
two-phase closed rectangular cross sectional thermosyphon (RTPTC) inner
diameters of 25.2 mm.

The evaporator temperature was 90 °C

Churn flow Slug flow. Bubble flow
% Ug(m/s) Ly(m % Uqg(m/s) L,(m) % Ug(mis) L(m) | QW) | q(kwim?)
17.34 0.208 0.053 74 0.185 0.0217 6.32 0.089 0.0051

33.29 2.60

o o — ——

From Table 4.2 the effect of evaporator temperature 90 70 and 50 °C, aspect
ratio was 5 and the inclination angle of 90°. The working fluids used is water tested
with two-phase closed rectangular cross sectional thermosyphon (RTPTC) inner
diameters of 25.2 mm. From the test found that at the evaporator temperature 90 °C
found were three flow patterns consists of bubble flow pattern (BF) formed a flow
pattern of 6.32 % and the average velocity of the bubble and the average length of the
bubble is 0.089 m/s, 0.0051 m respectively. Slug flow pattern (SF) formed a flow
pattern of 7.40 % and the average velocity of the bubble and the average length of the
bubble is 0.185 m/s, 0.0217 m respectively. Churn flow pattern (CF) formed a flow
pattern of 17.34 % and the average velocity of the bubble and the average length of
the bubble is 0.208 m/s, 0.053 m respectively. From the percentage data of the flow
pattern, the velocity of the average flow pattern which churn flow pattern is the flow
pattern that found the percentage of high flow pattern formation and has a higher
moving velocity than slug and bubble flow patterns. And no flow pattern is found
68.94 %. When considering the evaporator temperature 70 °C as shown in Table 4.2
found were three flow patterns consists of bubble flow pattern (BF) formed a flow
pattern of 4.07 % and the average velocity of the bubble and the average length of the
bubble is 0.090 m/s, 0.0049 m respectively. Slug flow pattern (SF) formed a flow
pattern of 5.17 % and the average velocity of the bubble and the average length of the
bubble is 0.180 m/s, 0.0202 m respectively. Churn flow pattern (CF) formed a flow
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pattern of 13.24 % and the average velocity of the bubble and the average length of
the bubble is 0.198 m/s, 0.041 m respectively and no flow pattern is found 77.55 %.
Also found that at the evaporator temperature of 50 °C, heat transferred from the hot
jacket to the evaporator section and pass through the wall pipe to the working fluids is
not high enough. Which the bonding force between the molecules of the working
fluids with the particles that are the internal components of the RTPCT pipe with a
high value. Therefore, the heat at the evaporator temperature of 50 °C through the
wall of the pipe into the working fluids cannot destroy the bond between the
molecules of the working fluids causing the flow pattern to not be found.

Table 4.2 (continuous) Effect of the evaporator temperature 50, 70 and 90 °C, aspect
ratio was 5 and the inclination angle was 90°. The working fluids is water
tested with two-phase closed rectangular cross sectional thermosyphon
(RTPTC) inner diameters of 25.2 mm.

The evaporator temperature was 70 °C

Churn flow. Slug flow Bubble flow
% Uy(mis) L,(m) % Uq(mis) L,(m) % Ug(m/s) L(m) | QW) | q(kwim?)
13.21 0.198 0.041 5.17 0.180 0.0202 4.07 0.090 0.049

14.29 112

When considering the comparison of aspect ratio were 5 and 20 which affects
the flow pattern of two-phase closed rectangular cross sectional thermosyphon
(RTPTC) inner diameters-of 25.2 mm. It was found that the bubble flow pattern, slug
flow pattern and churn flow are the basic flow patterns that can be found both in the
test with the aspect ratio were 5 and 20. In addition, only the annular flow pattern is
found in the test with the aspect ratio was 20. Due to the aspect ratio was 20, the
length of the evaporator section is relatively longer than the aspect ratio was 5.Thus
allowing the flow pattern to have a longer distance and time to change the flow
pattern from the churn flow pattern to the annular flow pattern. Therefore, making the
annular flow pattern and churn flow pattern is the main flow pattern that found the
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percentage of high flow patterns and flow patterns that affect the heat transfer in the
case of tested with the aspect ratio was 20. When considering the aspect ratio was 5,
which has the length of the evaporator section and the condenser section is relatively
short. Therefore is another reason for the movement of the vapor bubble using the
short and fast moving distance to go up to cool the condenser section.

4.3 Effect of the evaporator temperature and aspect ratio on heat transfer of
two-phase closed rectangular cross sectional thermosyphon (RTPTC)

From the graph 4.1 show the relationship between the evaporator temperature
and aspect ratio on heat transfer of two-phase closed rectangular cross sectional
thermosyphon (RTPTC) inner diameters of 25.2 mm, the inclination angle of 90° and
use water as working fluids. Found when the evaporator temperature increases
resulting in higher heat transfer values per unit area or heat flux as well. Due to the
increased the evaporator temperature causing the heat that the evaporator section
through the pipe wall to working fluids more with different temperatures between the
surface temperature of the pipe and the temperature of the working fluids. As a result,
the specific heat capacity of the working fluids increases as the evaporator
temperature increases. Combined with a higher convection coefficient from the two-
phase flow pattern consisting of gas flow phase and liquid flow phase that occurs
within the two-phase closed rectangular cross sectional thermosyphon (RTPTC) as
shown in Table 4.1 and 4.2. When considering the characteristics of the pipe shape
compared to the heat flux that was found two-phase closed rectangular cross sectional
thermosyphon (RTPTC) inner diameters of 25.2 mm aspect ratio (AR) 5 has relatively
short evaporator section length. Due to the short evaporator section length will have a
space within the pipe and the flow distance of the working fluids that is less than the
internal area and the flow distance of the working fluids of the ratio of aspect ratio
(AR) 20.Making the working fluids able to breathe the heat transfer from the
evaporator section into the condenser section in the short and fast moving distance
which leads to the average heat flux of 1.51 KW/m? which is higher than the average
heat flux obtained from the test with aspect ratio (AR) 20 which is 0.74 kW/m?. With
the highest heat flux obtained from the test at the evaporator temperature 90 °C equal
to 2.60 and 1.52 kW/m? for cases tested with aspect ratio (AR) 5 and 20, respectively.
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Graph 4.1 Effects of the evaporator temperature and aspect ratio on heat transfer of
two-phase closed rectangular cross sectional thermosyphon (RTPTC) inner
diameters of 25.2 mm, the inclination angle of 90° and use water as
working fluids.

4.4 Effect of the evaporator temperature and inclination angle on flow patterns
of two - phase closed circle cross sectional thermosyphon (TPTC)

From Table 4.3 the effect of evaporator temperature 50, 70 and 90 °C, the
inclination angles of 0, 80 and 90°. The working fluids used is silver nanofluid with
oleic acid surfactant with two-phase closed circle cross sectional thermosyphon
(TPTC) inner diameters of 7 mm aspect ratio (AR) 5 found at the evaporator
temperature of 50 °C, heat transferred from the hot jacket to the evaporator section
and pass through the wall pipe to the working fluids is not high enough. Which the
bonding force between the molecules of the working fluids with the particles that are
the internal components of the TPCT pipe with a high value. Therefore, the heat at the
evaporator temperature of 50 °C through the wall of the pipe into the working fluids
cannot destroy the bond between the molecules of the working fluids causing the flow
pattern to not be found. When the evaporator temperature increases based on the test
data at the evaporator temperature of 70 and 90 °C, the inclination angle of 0, 80 and
90°, as shown in Table 4.3 when considering the evaporator temperature of 70 and 90
°C, it was found that the angle of test 0° of both the evaporator temperature 70 and 90
°C, no flow pattern occurs within RTPCT because it is a limitation cannot work in
every test angle because the working fluid that is condensed in the liquid phase will
flow back to the evaporator section of the earth by gravity, therefore the evaporation
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section must be below only. In the inclination angle of 80 and 90 ° with the
evaporator temperature 70 and 90 °C, found were four flow patterns consists of
bubble flow pattern (BF), slug flow pattern (SF), churn flow pattern (CF) and annular
flow pattern (AF) respectively. Due to increase the evaporator temperature resulting
in the working fluids phase of the liquid being boiling and becoming vapor, occurs as
a two-phase flow pattern consisting of gas flow phase and liquid flow phase.

When considering the evaporator temperature of 70 and 90 °C, the inclination
angle of 80°. Itis the bubble flow pattern (BF) is 7.87% and 6.04%, average velocity
of the bubble is 0.0765 and 0.0939 m/s, the average length of the bubble is 0.0057 and
0.0082 m respectively. Formed the slug flow pattern (SF) is 10.43% and 7.82%,
average velocity of the bubble is 0.0416 and 0.0811 m/s, the average length of the
bubble is 0.0154 and 0.0175 m respectively. Formed the churn flow pattern (CF) is
25.00% and 34.37%, average velocity of the bubble is 0.2514 and 0.3619 m/s, the
average length of the bubble is 0.0126 and 0.0679 m respectively. Formed the annular
flow pattern (AF) is 32.97% and 42.52%, average velocity of the bubble is 0.4444 and
0.7166 m/s, the average length of the bubble is 0.0602 and 0.0743 m respectively.

When considering the evaporator temperature of 70 and 90 °C, the inclination
angle of 90°. It is the bubble flow pattern (BF) is 1.95% and 1.76%, average velocity
of the bubble is 0.0706 and 0.0833 m/s, the average length of the bubble is 0.0079 and
0.0054 m respectively. Formed the slug flow pattern (SF) is 7.39% and 5.14%,
average velocity of the bubble is 0.0446 and 0.0333 m/s, the average length of the
bubble is 0.0140 and 0.0106 m respectively. Formed the churn flow pattern (CF) is
23.40% and 34.37%, average velocity of the bubble is 0.2333 and 0.2083 m/s, the
average length of the bubble is 0.0391 and 0.0574 m respectively. Formed the annular
flow pattern (AF) is 31.94% and 39.39%, average velocity of the bubble is 0.3111 and
0.4003 m/s, the average length of the bubble is 0.0552 and 0.0727 m respectively.
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Table 4.3 Effects of the evaporator temperature 50, 70 and 90 °C, the inclination
angles were 0, 80 and 90°. The working fluids used is silver nanofluid with
oleic acid surfactant with two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameters of 7 mm aspect ratio (AR) 5.

The evaporator temperature was 50 °C

The inclination angle was 0°
2
No flow patterns QW) q(kw/m?)
o, N 1.05 1.06
_—
A = 4
The inclination angle was 80°
2
No flow patterns QW) q(kw/m?)
8.54 8.63
The inclination angle was 90°
2
No flow patterns QW) q(kw/m?)
8.19 8.28
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Table 4.3 (continuous) Effects of the evaporator temperature 50, 70 and 90 °C, the
inclination angles were 0, 80 and 90°. The working fluids used is silver
nanofluid with oleic acid surfactant with two-phase closed circle cross
sectional thermosyphon (TPTC) inner diameters of 7 mm aspect ratio (AR)

5.
The evaporator temperature was 70 °C
The inclination angle was 0° Q q
No flow patterns (W) (kW/ m2)
-' 941 | 951
M e —ar—a—ar— .
The inclination angle of 80°
Annular flow Churn flow Slug flow Bubble flow
% | Ug Lv | % | Ug Lv | % | Ug Lv | % | Ug Lv Q q
(m/s) m) (m/s) | (m (m/s) | (m (mfs) | (m W) | (kW/m?)
3297 0.4444 0.0602 25.00 02514 0.0126 10.43 0.0416 0.0154 7.87 0.0765 0.0057
2212 | 22.37
The inclination angle was 90°
Annular flow Churn flow Slug flow Bubble flow
% Ug Lv(m) % Ug Lv % Ug Lv % Uy Lv Q q
(m/s) (mis) | (m (mis) | (m) (mis) | (m) | (W) | (kw/m?)
31.94 0.3111 0.0552 23.40 0.2333 0.0391 7.39 0.0446 0.0140 1.95 0.0706 0.0079
1132 | 1145




55

Table 4.3 (continuous) Effects of the evaporator temperature 50, 70 and 90 °C, the
inclination angles were 0, 80 and 90°. The working fluids used is silver
nanofluid with oleic acid surfactant with two-phase closed circle cross
sectional thermosyphon (TPTC) inner diameters of 7 mm aspect ratio (AR)

5.
The evaporator temperature was 90 °C
The inclination angle was 0°
No flow patterns QW | g(kw/m?
) )
N T 4
The inclination angle was 80°
Annular flow Churn flow Slug flow Bubble flow
% Ug(m/s | Lu(m) % Ugmis | Lim) | % | Ugmis | Lum) | % | Ugmis | Lum) | QW | akw/m?
) ) ) ) ) )
425 0.7166 0.074 34.3 0.3619 0.067 7.8 0.0811 0.017 6.0 0.0939 0.008
2 3 7 9 2 5 4 2
31.88 32.33
”
The inclination angle was 90°
Annular flow Churn flow Slug flow Bubble flow
% Ug(m/s | Lu(m) % Ug(mis | Lm) | % [ Ug(mis | Lum) | % | Ugmis | Lu(m) | QW | gkw/m?
) ) ) ) ) )
39.3 0.4003 0.072 374 0.2083 0.057 5.1 0.0333 0.010 1.7 0.0833 0.005
9 7 7 4 4 6 6 4
28.74 29.06
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Table 4.4 Effects of the evaporator temperature 50, 70 and 90 °C, the inclination

angles were 0, 80 and 90°. The working fluids used is silver nanofluid with
oleic acid surfactant with two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameters of 25.2 mm aspect ratio (AR) 5.

The evaporator temperature was 50 °C

The inclination angle was 0°

2
No flow patterns Q()W q(kV)V/m
) . =] 2.09 0.19
| I E———
The inclination angle was 80°
Stratified flow Churn flow Slug flow Bubble flow
A Ug(m/s | L,(m % Ugmss | Ly(m % Ugm/s | Ly(m % Ug(m/s) | Ly(m | QW q(kwW/m?
) ) ) ) ) ) ) )
30.7 | 0.1016 | 0.057 | 169 | 0.0500 | 0.021 | 49 | 00295 | 0.013 | 86 | 0.0234 | 0.003
2 3 0 5 4 0 2 4
I
1 |
1 I
1 ]
I ! 325 | 294
] ! 7
1
The inclination angle was 90°
Churn flow Slug flow Bubble flow
% Ug(m/s) | Ly(m) % Uqg(m/s Ly(m) % Uqy(m/s) Ly(m) QW | g(kw/m?
) )
34.40 0.0483 0.0387 9.57 0.0250 0.0120 38.36 0.0212 0.0038
29.0 2.63
9
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Table 4.4 (continuous) Effects of the evaporator temperature 50, 70 and 90 °C, the
inclination angles were 0, 80 and 90°. The working fluids used is silver
nanofluid with oleic acid surfactant with two-phase closed circle cross
sectional thermosyphon (TPTC) inner diameters of 25.2 mm aspect ratio

(AR) 5.
The inclination angle was 70°
The inclination angle was 0°
2
No flow patterns QW) | q(kw/m?)
— 1080 | 097
O _ o
____________ -
The inclination angle was 80° The inclination angle was 90°
Stratified flow Vortex flow.
% Uqg(m/s) L.(m) QW) | qkwim?) | o, Ug(m/s) L(m) QW) | g(kw/m?)
63.35 0.1600 0.0768 51.06 0.0577 0.0667

37.44 3.88 33.26 3.00
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Table 4.4 (continuous) Effects of the evaporator temperature 50, 70 and 90 °C, the
inclination angles were 0, 80 and 90°. The working fluids used is silver
nanofluid with oleic acid surfactant with two-phase closed circle cross
sectional thermosyphon (TPTC) inner diameters of 25.2 mm aspect ratio

(AR) 5.
The inclination angle was 90°
The inclination angle was 0° QW) | q(kw/m?)
No flow patterns
!. v 14.10 1.27
o e mm mmm mm e e e e e e -
)
The inclination angle was 80° The inclination angle was 90°
Stratified flow Vortex flow
% Ug(m/s) L(m) QW) | akwim?) [ o Ug(m/s) L(m) QW) | g(kwim?)
55.94 0.1851 0.0700 58.57 0.0666 0.0729

58.15 5.25 52.06 4.70

- o o - -

From Table 4.4 the effect of evaporator temperature 50, 70 and 90 °C, the
inclination angles were 0, 80 and 90°. The working fluids used is silver nanofluid
with oleic acid surfactant with two-phase closed circle cross sectional thermosyphon
(TPTC) inner diameters of 25.2 mm aspect ratio (AR) 5. That the inclination angle of
0° both the evaporator temperature 50, 70 and 90 °C. The flow pattern is not found
within the two-phase closed thermosyphon (TPCT), similar to the test case of TPCT
inner diameter 7 mm. Because it is a limitation cannot work in every test angle
because the working fluid that is condensed in the liquid phase will flow back to the
evaporator section of the earth by gravity, therefore the evaporation section must be
below only. When considering the evaporator temperature of 50 °C at the inclination
angle of 80 and 90°, the flow pattern occurs within TPCT, which is different from
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testing with TPCT inner diameter 7 mm at no flow patterns were found. Due to the
large diameter TPCT resulting in the bonding force between the molecules of the
working fluids with the particles that are formed between the lower edge of the
TPCT's inner tube. Together with the increasing area of heat that the evaporator
section and the use of working fluids containing surfactants and silver nanoparticles.
Which surfactants have properties to reduce surface tension and help disperse silver
nanoparticles spread well in the base fluid as a result the working fluids are base
fluids better boiling. Therefore causing the test at the evaporator temperature 50 °C of
the inner diameter of TPCT 25.2 mm, the inclination angle of 80°. The flow pattern
occurs within the TPCT by the flow pattern found. Consists of the bubble flow pattern
(BF) representing 8.67%, average velocity of the bubble is 0.0234 m/s, the average
length of the bubble is 0.0034 m respectively. The slug flow pattern (SF) representing
4.94%, average velocity of the bubble is 0.0295 m/s, the average length of the bubble
is 0.0013 m respectively. The churn flow pattern (CF) representing 16.90%, average
velocity of the bubble is 0.0500 m/s, the average length of the bubble is 0.0215 m
respectively. The stratified flow pattern (strf-f) representing 30.72%, average velocity
of the bubble is 0.1016 m/s, the average length of the bubble is 0.0573 m respectively.
The evaporator temperature 50°C, the inclination angle of 90°, the flow pattern is
found, the bubble flow pattern (BF) representing 38.36%, average velocity of the
bubble is 0.0212 m/s, the average length of the bubble is 0.0038 m respectively. The
slug flow pattern (SF) representing 9.57%, average velocity of the bubble is 0.0250
m/s, the average length of the bubble is 0.0120 m respectively. The churn flow pattern
(CF) representing 34.40%, average velocity of the bubble is 0.0483 m/s, the average
length of the bubble is 0.0387 m respectively.

When the evaporator temperature increased to 70 and 90 °C as shown in Table
4.4, it was found that the inclination angle of 80° formed the stratified flow pattern
(Strf-F) representing the flow pattern is 63.35% and 55.94%, average velocity of the
bubble is 0.1600 and 0.1851 m/s, the average length of the bubble is 0.0768 and
0.0700 m respectively. And the vortex flow pattern (Vt-f) is found at the inclination
angle of 90° representing the flow pattern of 51.06% and 58.57%, average velocity of
the bubble is 0.0577 and 0.0666 m/s, the average length of the bubble is 0.0667 and
0.0729 m respectively. In the case of the vortex flow pattern, Because at the
inclination angle of 90° where the evaporator section of the TPCT will receive heat
from the heat source to transfer heat from the heat source to the pipe wall to working
fluids. Working fluids that are in the liquid phase when the heat accumulates more in
the evaporator section. As a result, the viscosity and density of the working fluids in
the liquid phase is reduced simultaneously. The working fluids then begins to boil and
vaporize. Combined with the use of using working fluids as silver nanoparticles and
adding oleic acid to reduce surface tension. Addition of oleic acid in addition to being
a surfactant also helps dispersing nano-particle silver powder to disperse in the
working fluids regularly. From the silver nanoparticles that are dispersed in the
working fluids regularly, also helps the fluid-based working fluids to have more heat
in the area, from the size of the nanoparticles and helps to make boiling working
fluids easier and better. With a large tube diameter tube that results in a strong surface
tension between the molecules of the working fluids pulled together at the surface of
the working fluids and that touches the edge of the pipe wall will decrease. For the
reasons mentioned above when heat is transferred from the pipe wall to the working
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fluids adjacent to the pipe wall edge. Resulting in the boiling of the working fluids
that is in a saturated liquid phase forming vapor at the edge of the pipe wall first. The
flow characteristics of the vapor are moving near the surface of the pipe on both sides
because the inclination angle that is tested in the case of inclination angle 90° TPCT is
placed in a straight and symmetrical location. Therefore observed the flow of the
vapor moving on the surface of both sides of the pipe, and would float through the
adiabatic section to transfer heat to a lower temperature source and condensation at
the condenser section. When the working fluids is condensed and changed from vapor
to liquid as a result, the working fluids is weighted and moves down in the middle of
the pipe, which is the fluid that is returned to the evaporator section by moving down
the gravity of the earth.

When comparing from the diameter of 7 and 25.2 mm of two-phase closed
circle cross sectional thermosyphon (TPTC) that affects the flow pattern, it is found
that the bubble flow, slug flow patterns and churn flow patterns are the basic flow
patterns that can be found in both the of two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameter of 7 and 25.2 mm. In addition, only the annular
flow pattern was found with two-phase closed circle cross sectional thermosyphon
(TPTC) inner diameter of 7 ratio 5. From the size of two-phase closed circle cross
sectional thermosyphon (TPTC) inner diameter of 25.2 mm with a large diameter tube
resulting in the bonding force between the molecules of the working fluids with the
particles that are formed between the lower edge of the TPCT's inner tube. Together
with the increasing area of heat that the evaporator section and the use of working
fluids containing surfactants and silver nanoparticles. Which surfactants have
properties to reduce surface tension and help disperse silver nanoparticles spread well
in the base fluid as a result the working fluids are base fluids better boiling. Resulting
found vortex flow pattern and stratified flow pattern for cases with the case of
inclination angle 90 and 80°.

4.5 Effect of the evaporator temperature and inclination angle on heat transfer
of two-phase closed circle cross sectional thermosyphon (TPTC)

Considering the effect evaporator temperature and inclination angle on heat
transfer of two-phase closed circle cross sectional thermosyphon (TPTC) inner
diameter 7 and 25.2 mm, aspect ratio 5. The working fluids used is silver nanofluid
with oleic acid surfactant as shown in graph 4.2 found when the evaporator
temperature increases resulting in higher heat transfer values per unit area or heat flux
as well. Due to the increased the evaporator temperature causing the heat that the
evaporator section through the pipe wall to working fluids more with different
temperatures between the surface temperature of the pipe and the temperature of the
working fluids. As a result, the specific heat capacity of the working fluids increases
as the evaporator temperature increases. Combined with a higher convection
coefficient from the two-phase flow pattern consisting of gas flow phase and liquid
flow phase that occurs within the TPCT. When considering the characteristics of the
pipe shape compared to the heat flux obtained, it was found that at the TPCT with
inner diameter 25.2 mm, the aspect ratio (AR). Due to the short evaporation length,
there will be a space within the pipe and the flow distance of the working fluids that is
less than the internal area and the flow distance of the working fluid at the TPCT with
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inner diameter 25.2 mm, makes the working fluid able to breathe the heat transfer
from the evaporator section into the condenser section in the shortest moving distance
bring the amount of high heat flux. For the case of testing with TPCT with inner
diameter 7 mm, the aspect ratio (AR) 5 in comparison with the TPCT with inner
diameter 25.2 mm and also found that at the inclination angle of 80° with an average
heat flux of 21.08 kW/m? which is higher than the heat flux obtained in other test
cases [13,37, 40]. At the inclination angle of 80°, the liquid film with condensation in
the condenser section will have some characteristics as a result, the viscosity of the
working fluid that is in the liquid phase that is ready to flow back into the evaporator
section is reduced. As a result, the heat resistance of the condensed liquid film
decreases as well. In addition, this test uses silver nanoparticles add oleic acid to
reduce surface tension as a working fluid within TPCT. Which the working fluid is
another important variable that affects the heat transfer characteristics, silver
nanoparticles help improve the heat transfer rate due to the high thermal conductivity
(k) and the presence of small particles directly affecting the contact area for receiving
and exothermic heat. Along with the mixing of oleic acid as a surfactant which helps
in the dispersion of nano-silver nanoparticles. Resulting in a higher proportion of heat
distribution than traditional working fluid or the use of working fluid in the group of
refrigerants which is useful for easy and fast boiling of working fluid.
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diameters of 7 and 25.2 mm aspect ratio 5 and use silver nanofluid with
oleic acid surfactant as working fluids.
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4.6 Effect of the diameter and inclination angle on flow patterns of two-phase
closed circle cross sectional thermosyphon (TPTC)

When considering Effects of the diameter and inclination angle on heat transfer
of two-phase closed circle cross sectional thermosyphon (TPTC) has the information
as shown in Table 4.3 and 4.4.

4.6.1 Consider the two-phase closed circle cross sectional thermosyphon
(TPTC) inner diameter of 7 and 25.2 mm, the inclination angle was 0°, the aspect
ratio of 5, the evaporator temperature 50, 70 and 90 °C. Use silver nanofluid with
oleic acid surfactant as working fluids. From the test found that both the inner
diameter of 7 and 25.2 mm. No flow patterns are found because it is a limitation
cannot work in every test angle because the working fluid that is condensed in the
liquid phase will flow back to the evaporator section of the earth by gravity, therefore
the evaporation section must be below only.

4.6.2 Consider the two-phase closed circle cross sectional thermosyphon
(TPTC) inner diameter of 7 and 25.2 mm, the inclination angle of 80°, the aspect ratio
of 5, the evaporator temperature 50, 70 and 90 °C. Use silver nanofluid with oleic acid
surfactant as working fluids. From the test found the evaporator temperature 50 °C, no
flow pattern was found in the case of two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameter of 7 mm but with the bubble flow pattern, slug
flow pattern, churn flow pattern and stratified flow pattern due to the large diameter
tube of TPCT. Resulting in the bonding force between the molecules of the working
fluids with the particles that are formed between the lower edges of the TPCT's inner
tube. Together with the increasing area of heat that the evaporator section and the use
of working fluids containing surfactants and silver nanoparticles. Which surfactants
have properties to reduce surface tension and help disperse silver nanoparticles spread
well in the base fluid as a result the working fluids are base fluids better boiling.
Therefore causing the test at the evaporator temperature 50 °C found flow patterns
occurring. When considered at the evaporator temperature of 70 and 90 °C, it was
found that bubble flow pattern, slug flow pattern, churn flow pattern and annular flow
pattern with two-phase closed circle cross sectional thermosyphon (TPTC) inner
diameter of 7 mm and found stratified flow pattern with two-phase closed circle cross
sectional thermosyphon (TPTC) inner diameter of 25.2 mm the inclination angle of
80° with a large tube diameter making it noticeable with the formation of stratified
flow pattern.

4.6.3 Consider the two-phase closed circle cross sectional thermosyphon
(TPTC) inner diameter of 7 and 25.2 mm, the inclination angle of 90°, the aspect ratio
of 5, the evaporator temperature 50 70 and 90 °C. Use silver'nanofluid with oleic acid
surfactant as working fluids. From the test found the evaporator temperature 50 °C, no
flow pattern was found in the case of two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameter of 7 mm but with the bubble flow pattern, slug
flow pattern, churn flow pattern with two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameter of 25.2 mm, the reasons mentioned in section
4.6.2. When considering the evaporator temperature of 70 and 90 °C, it was found that
the bubble flow pattern, slug flow pattern, churn flow pattern and annular flow pattern
with two-phase closed circle cross sectional thermosyphon (TPTC) inner diameter of
7 mm and the vortex flow pattern (Vt-f) is found at the inclination angle of 90° with
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two-phase closed circle cross sectional thermosyphon (TPTC) inner diameter of 25.2
mm. In the case of the vortex flow pattern, because at the inclination angle of 90°
where the evaporator section of the TPCT will receive heat from the heat source to
transfer heat from the heat source to the pipe wall to working fluids. Working fluids
that are in the liquid phase when the heat accumulates more in the evaporator section.
As a result, the viscosity and density of the working fluids in the liquid phase is
reduced simultaneously. The working fluids then begins to boil and vaporize.
Combined with the use of using working fluids as silver nanoparticles and adding
oleic acid to reduce surface tension. Addition of oleic acid in addition to being a
surfactant also helps dispersing nano-particle silver powder to disperse in the working
fluids regularly. From the silver nanoparticles that are dispersed in the working fluids
regularly, also helps the fluid-based working fluids to have more heat in the area,
from the size of the nanoparticles and helps to make boiling working fluids easier and
better. With a large tube diameter tube that results in a strong surface tension between
the molecules of the working fluids pulled together at the surface of the working
fluids and that touches the edge of the pipe wall will decrease. For the reasons
mentioned above when heat is transferred from the pipe wall to the working fluids
adjacent to the pipe wall edge. Resulting in the boiling of the working fluids that is in
a saturated liquid phase forming vapor at the edge of the pipe wall first. The flow
characteristics of the vapor are moving near the surface of the pipe on both sides
because the inclination angle that is tested in the case of inclination angle 90° TPCT is
placed in a straight and symmetrical location. Therefore observed the flow of the
vapor moving on the surface of both sides of the pipe, and would float through the
adiabatic section to transfer heat to a lower temperature source and condensation at
the condenser section. When the working fluids is condensed and changed from vapor
to liquid as a result, the working fluids is weighted and moves down in the middle of
the pipe, which is the fluid that is returned to the evaporator section by moving down
the gravity of the earth.

4.7 Effect of the diameter and inclination angle on heat transfer of two-phase
closed circle cross sectional thermosyphon (TPTC)

When effects of the diameter and inclination angle on heat transfer of two-phase
closed circle cross sectional thermosyphon (TPTC) contains information as shown in
the graph 4.2. Consider the two-phase closed circle cross sectional thermosyphon
(TPTC) inner diameter of 7 and 25.2 mm, the inclination angle of 80 and 90°, the
aspect ratio of 5 and the evaporator temperature 50 70 and 90 °C. Use silver nanofluid
with oleic acid surfactant as working fluids. From the test found that two-phase closed
circle cross sectional thermosyphon (TPTC) inner diameter of 7. mm has an average
heat flux throughout the test, higher than the two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameter of 25.2 mm in both inclination angle and
evaporator temperature. Due to the inner diameter of TPCT 7 mm, the aspect ratio of
5 is the length of the evaporator section is relatively short. There is a small amount of
space within the pipe and the flow distance of the working fluids. Can breathe heat
from the evaporator section into the condenser section at short and fast moving
distances bring the amount of high heat flux. In addition, when considering the flow
pattern in the two-phase closed circle cross sectional thermosyphon (TPTC) inner
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diameter 25.2 mm will be characterized by a relatively dense and full flow of bubbles
throughout the area of evaporator section as shown in Table 4.3 and 4.4. Which is
quite difficult as the bubble can move and gather, Because of the limited movement
distance which leads to changes in the flow pattern from one flow pattern to another.
Resulting in the convection coefficient from the two-phase flow pattern consisting of
gas flow phase and liquid flow phase too low.

4.8 Flow pattern map

From Figure 4.4 shows the flow pattern of two-phase closed rectangular cross
sectional thermosyphon (RTPTC) and circle cross sectional thermosyphon (TPTC).
Compare the relationship between momentum flux in the vapor and liquid phase.
Which consists of velocity, the temperature of the working fluids within the RTPCT
and TPCT obtained from the study of the variables in the experiment is two-phase
closed rectangular cross sectional thermosyphon (RTPTC) and circle cross sectional
thermosyphon (TPTC) inner diameter 25.2 and 7 mm, aspect ratio 5 and 20, using
water, silver nanofluid, silver nanofluid with oleic acid surfactant as working fluids.
The inclination angle of 80 and 90°, the evaporator temperature 70 and 90 °C. Found
that the flow pattern map consists of four flow patterns, (Areal)
annular/churn/slug/bubble, (Area2) stratifield/annular/churn/slug/bubble, (Area3)
churn/slug/bubble and (Aread) annular/churn/slug/bubble.

20.00
+ NF+OA,Di7mm,AR5,TPCT

A DW,Di7mm,ARS,TPCT +
 DW, Di25.2mm,AR20,AI90,RTPCT
15.00 - DW, Di25.2mm,AR20,AI80,RTPCT

® DW, Di25.2mm,ARS5,RTPCT

. A NF,Di7Zmm,ARS,TPCT +
=] . A

¥ O NF, Di25.2mm,ARS5,TPCT
L

B 10.00 - FIRESETA

) e By

N; - ,'
& i

N
- ) A’l Area 4 ; Annular/Churn/Slug/Bubble

5.00 - et : .
- r
.- L / ! Area 3 ; Churn/Slug/Bubble
Area 2’ B e ?S‘ /e "l .
FPAs A, 5 Area 2 ; Stratifield/Annular/Churn/Slug/Bubble
” A /,‘- l, v
e J ,'l Area 1 ; Annular/Churn/Slug/Bubble
Areal / 2
/
0.00 : ’ J . , r
0.00 0.05 0.10 0.15 0.20 0.25

puf (kg/s? -m)

Figure 4.4 The flow pattern of two-phase closed rectangular cross sectional
thermosyphon (RTPTC) and circle cross sectional thermosyphon (TPTC)
compare the relationship between momentum flux in the vapor and liquid
phase.
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4.8.1.1 Areal; Annular/Churn/Slug/Bubble
When considering the flow pattern map, the momentum flux values in the

vapor and liquid phase are low. Find the flow pattern annular/churn/slug/bubble
which happens to working fluids with water, aspect ratio of 5, two-phase closed circle
cross sectional thermosyphon (TPTC) inner diameter 7 mm, inclination angle 80 and
90°, the evaporator temperature 70 and 90 °C. Moreover, at aspect ratio of 20, two-
phase closed rectangular cross sectional thermosyphon (RTPTC) inner diameter 25.2
mm the inclination angle 90°, the evaporator temperature 70 and 90°C. This is
because the working fluids is water, with the latent heat of vaporization. Therefore
requiring the use of evaporator temperature at 70 and 90 °C to reduce the viscosity and
density of the working fluids in the liquid phase. Is a combination of bubbles,
combined with the physical shape of the thermosyphon, including the proportion of
the add working fluids with the volumetric evaporator section.

4.8.1.2 Area 2; Stratifield/Annular/Churn/Slug/Bubble
When considering the flow pattern map, the momentum flux in the vapor and

liquid phase is much higher than that of area 1, it is found that the flow pattern is
Stratifield/Annular/Churn/Slug/Bubble Which occurs with two-phase closed
rectangular cross sectional thermosyphon (RTPTC) inner diameter 25.2 mm, aspect
ratio 20, the inclination angle 80°, the evaporator temperature of 70 and 90 °C uses
water as a working fluids, aspect ratio of 20. The diameter of the RTPCT is large
resulting in a long and wide evaporator section with the inclination angle 80° When
the working fluids is boiling, it will result in a greater distance and movement
distance. In addition, can easily change the flow pattern from one flow pattern to one
flow pattern therefore found stratifield flow pattern from the characteristics of
stratifield flow pattern. Which is a flow pattern that helps to reduce the flow problem
between the vapor of the working fluids and the fluid of the waorking fluids while
flowing back to the evaporator section. As can be seen from the momentum flux in
the vapor phase and the liquid phase that is greater than the flow pattern area
Annular/Churn/Slug/Bubble.

4.8.1.3 Area 3; Churn/Slug/Bubble

When considering the flow pattern map, the momentum flux in the vapor and
liquid phase is much higher than that in areas 1 and 2, the flow pattern is found to be
Churn/Slug/Bubble, which occurs with two-phase closed rectangular cross sectional
thermosyphon (RTPTC) inner diameter 25.2 mm aspect ratio 5, the inclination angle
80°, the evaporator temperature of 70 and 90 °C uses water as-a working fluids. In
addition, occurs with two-phase closed circle cross sectional thermosyphon (TPTC)
inner diameter 25.2 mm aspect ratio 5, the inclination angle 80°, the evaporator
temperature of 90 °C use silver nanofluid as working fluids. When considering the
shape of the pipe. At the ratio of 5 in length is relatively short in the evaporator
section when boiling of the working fluids. Therefore, the bubble can be moved to
heat up to the condenser section relatively quickly. Combined with the inclination
angle 80° due to the inclination angle position, causing the liquid film with
condensation in the condenser section to look thin as a result, the viscosity of the
working fluids that is in the liquid phase that is ready to flow back into the evaporator
section is reduced. Which can flow back to get the heat that the evaporator section is
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quite fast with higher volume. As can be seen from the momentum flux in the vapor
phase and liquid phase that is greater than area 1 and 2.

4.8.1.4 Area 4; Annular/Churn/Slug/Bubble

When considering the flow pattern map, the momentum flux in the vapor
phase and liquid phase is higher than all flow patterns. Found the flow pattern
Annular/Churn/Slug/Bubble which occurs with two-phase closed circle cross
sectional thermosyphon (TPTC) inner diameter 7 mm aspect ratio 5, the inclination
angle 80 and 90°, the evaporator temperature of 70 and 90 °C. Use silver nanofluid,
silver nanofluid with oleic acid surfactant as working fluids. Due to the working fluids
containing silver powder nanoparticles which is small, will spread in the working
fluids resulting in more space to receive heat, even if oleic acid is added as a
surfactant. Properties of oleic acid that is a surfactant and also helps dispersing silver
nanoparticles in working fluids that work more consistently. And helps the working
fluids with the original basis, boiling better. When considering the shape of the pipe,
at aspect ratio of 5 in length that is relatively short in the evaporator section. When
boiling of the working fluids. The vapor bubbles can be moved to heat up to the
condenser section relatively quickly and flow with friction between the working fluids
and the lower inner tube edge with the properties of the working fluids as mentioned.
As can be seen from the momentum flux in the vapor and liquid state that is higher
than all the ground flow patterns.



CHAPTER 5
Conclusion
5.1 Summary of experimental results

5.1.1 Effect of working fluids considering the silver nanofluid with oleic acid
(OA) surfactant as working fluids. Will cause boiling of the working fluids easily
because surfactants have properties to reduce surface tension and help disperse silver
nanoparticles in base fluids As well as increasing the surface area of heat and
exothermic. As a result, the working fluids are base fluids better boiling with silver
nanoparticles with high thermal conductivity. When boiling, the velocity of the
bubble increases and the heat transfer rate per unit area increases respectively. As can
be seen from the flow pattern when using the silver nanofluid with oleic acid (OA)
surfactant as working fluids.

5.1.2 Effect of aspect ratio when considering the aspect ratio, it was found that
the increasing aspect ratio has increased the length of the evaporator section as well.
At the aspect ratio 5 with a relatively short evaporator section length. Due to the short
evaporation length, there will be space inside the pipe and the flow distance of the
working fluids is less than the aspect ratio of 20. Combined with the ratio of additives
to working fluids with the volume evaporator section. When the working fluids starts
to boil Therefore, the working fluids can breathe the heat transfer from the evaporator
section into the condenser section in the short and fast moving distance that comes
with the two-phase flow patterns and the length of the vapor bubble will be reduced in
length.

5.1.3 Effect of the evaporator temperature, increased evaporator temperature
results in higher heat transfer values. As the evaporator temperature increases, the
heat that the evaporator section through the wall of the pipe into the working fluids
increases as well. With the temperature difference between the surface temperature of
the pipe and the temperature of the working fluids as well. As a result, the specific
heat capacity of the working fluids increases as the evaporator temperature increases.
Combined with higher convection coefficient from two-phase flow patterns that
consist of gas flow phase and the fluid flow phase that occurs within the
thermosyphon. Including the increased velocity of the vapor bubble, causing the
bubble to the expansion in the evaporator section is reduced. However, this increased
vapor bubble velocity will increase the heat transfer rate from the evaporator section
to the-condenser section.

5.1.4 Effect of inner diameter, when the inner diameter increases from 7 to 25.2
mm, the heat transfer rate per unit area will decrease. The large diameter of the pipe
causes the bonding force between the molecules of the working fluids with particles
that are lower between the inner tube edges. Together with the increasing area of heat
to the evaporator section, from the use working fluids containing surfactants and
silver nanoparticles. Which surfactants have properties to reduce surface tension and
help disperse silver powder, nanoparticles spread well in the base fluid As a result, the
working fluids are base fluids better boiling. Resulting in a high proportion of vapor
bubbles in the evaporator section area resulting in the area of movement of the vapor
bubble decreasing and affecting the velocity of movement of the vapor bubble.
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Including changing the flow pattern from one model to another. Which directly
affects the heat transfer rate from the evaporator section to the lower condenser
section.

5.1.5 Effect of the inclination angle, At the inclination angle 80° the liquid film
with condensation in the condenser section will have some characteristics As a result,
the viscosity of the working fluids that is in the liquid phase that is ready to flow back
into the evaporator is reduced. As a result, the heat resistance of the condensed liquid
film decreases as well. Including at the inclination angle of 80° also helps to reduce
the flow problem between the working fluids in the condensed liquid state that is
ready to flow back into the evaporator section and the working fluids that is in the
vapor phase that is rising from the evaporator section. Due to the inclination angle of
80°. The working fluids that is in a liquid-weight phase will flow next to the side of
the pipe with an inclined position. Helps to provide liquidity in the flow of two phase
flow patterns that are in the phase of gas and liquid phase. Which directly affects the
velocity of the movement of the vapor bubble that will move up to cool the condenser
section which leads to increased heat transfer rate.

5.1.6 Flow patterns map of two-phase closed rectangular cross sectional
thermosyphon (RTPTC) and two-phase closed circle cross sectional thermosyphon
(TPTC) comparing the relationship between momentum in vapor phase and liquid
phase. Found that the flow pattern chart consists of four flow patterns:
Annular/Churn/Slug/Bubble, Stratifield/Annular/Churn/Slug/Bubble,
Churn/Slug/Bubble and Annular/Churn/Slug/Bubble. Which the flow pattern area
annular/churn/slug/bubble gave the highest heat transfer value per unit area with two-
phase closed circle cross sectional thermosyphon (TPTC) inner diameter 7 mm. and
using the silver nanofluid with oleic acid (OA) surfactant as working fluids. And the
flow pattern area Annular/Churn/Slug/Bubble giving the lowest heat transfer value
per unit area by testing the working fluids as water two-phase closed circle cross
sectional thermosyphon (TPTC) inner diameter 7 mm, aspect ratio 5, inclination angle
80 and 90°, and two-phase closed rectangular cross sectional thermosyphon (RTPTC)
inner diameter 25.2 mm, aspect ratio 20, inclination angle 90° due to the working
fluid with the latent heat of high vaporization.

5.2 Suggestions

5.2.1 Should study the additional relationship between flow phenomena in the
adiabatic section and condenser section. In this research, the focus is to study the flow
patterns observed in the evaporator section only. In order to know the relationship
between the flow phenomena in the evaporator section, adiabatic section and
condenser section of two-phase closed rectangular cross sectional thermosyphon
(RTPTC).

5.2.2 Should study and invent the process of constructing two-phase closed
rectangular cross sectional thermosyphon (RTPTC) to ensure durability and support
the use of acidic and corrosive working fluids.

5.2.3 Should be created correlation equation, for calculating momentum flux to
know the exact extent of the flow pattern map.
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Example of calculation Volume of filling working fluids

Inner diameter of two-phase closed rectangular cross sectional thermosyphon
(RTPTC) 25.2 mm, the evaporator section length 126 mm.

Voo = (XY)Levap

Levap =12.6 cm

X=Y =252cm

=80.01 em’ = 80.01 ml
The rate of filling of 50% of the evaporator section volume.
=80.01x0.5 = 40.00 ml
Therefore, the working fluids must be added as 40.00 ml.
Example of the calculation of heat transfer rate
Experiments that use water-as a working fluids, the inclination angle was 90°,
the evaporator temperature was 90 °C. Inner diameter of two-phase closed rectangular
cross sectional thermosyphon (RTPTC) 25.2 mm, the evaporator section length 126
mm.
Heat transfer rate (Q)
Q - Ith (Tco _Tci)

By m is mass flow rate of condenser section inlet water 0.004167 kg/s

C, is specific heat capacity of water 4183 J/kg.°C

T, is outlet temperature of the water at condenser section 29.05 °C

CO

is inlet temperature of the water at condenser section 27.14 °C

Representing the value in the equation will be

Q =0.004167x4183(29.05-27.14)

Q=33.29J/s=33.29W
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Heat transfer rate per unit area

Q

Q
q = — =
A (2x+2y)L

Conden

By Q  Iis heat transfer value 33.29 W
A . is cooling area in the condenser section (m?)

L .4, 1slengthin condenser section (m)
X,Y is each side length of RTPCT (m)

C

Representing the value in the equation will be

33.29

(2(0.0252)+2(0.0252))x0.126

q=2.60 kW/m’

Example of calculating flux momentum flux in liquid phase and momentum flux
in Vapor phase

Experiments that use water as a working fluids, the inclination angle was 90°,
the evaporator temperature was 90 °C. The rate of filling of 50% of the evaporator
section volume with two-phase closed rectangular cross sectional thermosyphon
(RTPTC) inner 25.2 mm, the evaporator section length 126 mm.

1. Vapor quality (x)

From the formula x=(h,-h )(h -h)
By hTP o hl +CP (Tworking _Tambient )
J A ) surface of RTPCT at evaporator section surface of RTPCT at condensor section _ 90.00+29.19 —59.60 OC
2 2
=25.0°C

ambient

h @59.60°C = 249.50 kl/kg
h, @59.60° C =2608.09 kl/kg

C, @59.60°C = 4.18 k/kg C



Replace the values in the formula to find the value h_, will get

h,,=394.21 ki/kg

Replace the values in the formula to find the value x will get x =0.0614

2. Mass flux of vapor (G,)
From the formula G,=p,u,
By p,=0.1283 kg/m’
Replace the values in the formula to find the value G, will get

G,=0.0155kg/s.m’

3. Flux of two-phase flow (G)

From the formula G=G, /x

By G, = 0.0155kg/s.m’
x=0.0614

will get G=0.0155/0.0614

will get G =0.2520

4. Liquid flux momentum (P u’)

[Ga—x)T
From the formula - pu = ————
P
By G =0.2520
x=0.0614

p,=983.45kg/m’

7
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[0.2520(1—0.0614)]’

2

Replace the values in the formula P u,

983.45
0.0569 kg/s.m”

e values in the for
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Table B.1 The experiment results of using water as the working fluids with two-phase
closed rectangular cross sectional thermosyphon (RTPTC) ) inner diameter
25.2 mm, aspect ratio of 20.

Al(®) | Tevap(°C) Flow patterns Ly (m) | ug(m/s) | q(kw/m?
0 - 1 - - -
90 - - - 0.49
50 - - - 0.22
80 70 Stratifield+Annular+Churn+Slug+Bubble - 0.1254 0.62
90 Stratifield+Annular+Churn+Slug+Bubble - 0.1414 1.68
50 - - - 0.21
90 70 Annular+Churn+Slug+Bubble 0.0653 | 0.0963 0.50
90 Annular+Churn+Slug+Bubble 0.0603 | 0.1202 1.52

Table B.2 The experiment results of using water as the working fluids with two-phase
closed rectangular cross sectional thermosyphon (RTPTC) ) inner diameter
25.2 mm, aspect ratio of 5.

Al(®) | Teap(°C) Flow patterns Ly (m) Ug(m/s) q(kw/m?)

50 : - - -

0 70 - - - -
90 - - - 1.12
50 | - - 0.91

80 70 Churn+Slug+Bubble - 0.1685 1.77
90 Churn+Slug+Bubble - 0.1803 2.74
50 - - - 0.82

90 70 Churn+Slug+Bubble 0.0367 0.1423 1.12
90 Churn+Slug+Bubble 0.0266 0.1608 2.60

Table B.3 The experiment results of using silver nanofluid with oleic acid surfactan as
the working fluids with two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameter 7 mm, aspect ratio of 5.

Al(®) Tevap (°C) Flow patterns Ly (m) Ug(m/s) q(kW/m?)

50 - - - 1.06

0 70 - - - 9.51
90 - - - 13.74
50 - - - 8.63

80 70 Annular+Churn+Slug+Bubble 0.0291 0.1650 22.37
90 Annular+Churn+Slug+Bubble 0.0420 0.3134 32.33
50 - - - 8.28

90 70 Annular+Churn+Slug+Bubble 0.0310 0.1833 11.45
90 Annular+Churn+Slug+Bubble 0.0365 0.2035 29.06
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Table B.4 The experiment results of using silver nanofluid with oleic acid surfactan as
the working fluids with two-phase closed circle cross sectional
thermosyphon (TPTC) inner diameter 25.2 mm, aspect ratio of 5.

Al(®) Tevap (°C) Flow patterns Ly (m) Ug(m/s) q(kw/m?)
50 - - - 0.19
0 70 - - - 0.97
90 - - - 1.27
50 Stratifield+Churn+Slug+Bubble 0.0238 0.0511 2.94
80 70 Stratifield 0.0768 0.1600 3.88
90 Stratifield 0.0700 0.1851 5.25
50 Churn+Slug+Bubble 0.0182 0.0315 2.63
90 70 Vortex 0.0667 0.0577 3.00
90 Vortex 0.0729 0.0666 4.70

Table B.5 The experiment results of using water as the working fluids with two-phase
closed circle cross sectional thermosyphon (TPTC) inner diameter 7 mm,
aspect ratio of 5.

Al(®) | Teap(°C) Flow patterns Ly (m) Ug(m/s) q(kw/m?)
50 - - - 1.76
0 70 - - - 6.87
90 - - - 6.69
50 - - - 2.11
80 70 Annular+Churn+Slug+Bubble 0.0281 0.0951 11.10
90 Annular+Churn+Slug+Bubble 0.0363 0.1159 13.74
50 - - - 1.41
90 70 - - - 9.16
90 Annular+Churn+Slug+Bubble 0.0414 0.1028 13.39

Table B.6 The experiment results of using water as the working fluids with two-phase
closed circle cross sectional thermosyphon (TPTC) inner diameter 25.2
mm, aspect ratio of 5.

Al(®) Tevap (°C) Flow patterns Ly (m) Ug(m/s) q(kw/m?)

50 - - - -

0 70 - - - -
90 - - - 0.91
50 - - - 0.54

80 70 Churn+Slug+Bubble - 0.1000 1.49
90 Churn+Slug+Bubble - 0.1093 2.30
50 - - - 0.47

90 70 Churn+Slug+Bubble - 0.1100 1.35
90 Churn+Slug+Bubble - 0.1163 2.14
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Table B.7 The experiment results of using silver nanofluid as the working fluids with
two-phase closed circle cross sectional thermosyphon (TPTC) inner

diameter 25.2 mm, aspect ratio of 5.

Al(®) Tevap (°C) Flow patterns Ly (m) Ug(m/s) q(kw/m?)
80 90 Churn+Slug+Bubble - 0.1583 5.02
90 90 Churn+Slug+Bubble - 0.0957 3.98







84

100

Joquiny Suimerq

LN [

nun o[y

KYISIOATU() TIRT[RIBSRURIA

308 [ejuowILIodXg
omL

Sureouidug jo Aynoeg

UBUWERYDLS JOYIBING TN ¢ Kq umei(]

eIl wd g1xg ] “wug ssowypon awid- [ | QT
eg g | WooSI=T wwg [x0sx0s- [ || 6
e[ wd §7-qo ‘w9 ssowpn aeid- ()| 8
vl ] | wo g z=T1 w9l a0 poy- O)| L
eq ¢ wo 1 [=T Wwg X0sx0s- [ ]| 9
Bg T WO G'GO7=T ‘Wwg [X0sX0s- [ || S
vg T wo G6="T ‘W' [XO$XOS- ¥
eF9 | WO GgY="T ‘WY [XOSX0S- ] ¢
ed9 wo 1 1=T ‘wwg 1xpsx0s-[ ]| T
vy | W g 7= Wy X0sX0s-[ | 1
Amuen®) el ON

[eLoYeU JO (1]




85

00 OLIPIN ¢l aeos

Toquiny Surmeiq un

K)ISIOATU) WRYNRIBSRYRIA uuopie(d Sunejoy L

Suneaurdug jo Anoe UBUWERYILS 1DYIRINS I ¢ £q umelq
wn g7

W g Aoy

% 8 [rerRd

w S

B \IH f

un ¢°LT 7

e [ wo GIXG] ¢ SSOUYOT)

e | WO OSI=T WWS X0sX0s- [ ]| 6

eq | wd §7=O ‘WwY SSAUWYIN e[ d- O 8

el wog/g=T wwgl a0 pod- O)| L

Anuend) Teeq ON
L1rerd

[eroleu JO 1

o 0S|

;‘
‘

un gL

(LIRS |
»
‘~

Y

un pI

01 ‘6 "1

A




86

€00 SO

Jquiny Surmelq

nun

[

BN

ANSIOATUN) WeYeIeSeyRIA

Sunsouidug jo Anoeq

1108[ pro) 9axoel 104

apiL

UBUWRYDIS JRYIRING TN ¢ £q umei(]

1308l pro)

AT WOGEXT [-SSeID 8 :Q
o woe="T *, . %od1d L¢
e T woe=T *, %2did 9°C
vl wd09XS [XS [-FOESS ST
Knuend) reed N

[eLoYeW JO (11

un ¢S

\\V

un (9

1308l 10H

un ¢S

)

7

un 09







Table D.1 Thermo physical properties of water [1].

88

Temp Pressure Densit3y V0I3ume Enthalpy Viscosity Specific Heat Thermal C. _?_:;2?3
c MPa kg/m mi/kg kJ/kg M Pa.s kJ/(kg.K) mw/(m.K) mN/m
Liquid Vapor Liquid Vapor Liquid | Vapor | Liquid | Vapor Liquid | Vapor
0.0la 0.00061 999.8 205.98 0.0 2500.5 1792.4 9.22 4.229 1.868 561.0 17.07 75.65
5.00 0.00087 999.9 147.02 21.0 2509.7 1519.1 9.34 4.200 1.871 570.5 17.34 74.95
10.00 0.00123 999.7 106.32 42.0 2518.9 1306.6 9.46 4.188 1.874 580.0 17.62 74.22
15.00 0.00171 999.1 77.900 62.9 2528.0 1138.2 9.59 4.184 1.878 589.3 17.92 73.49
20.00 0.00234 998.2 57.777 83.8 2537.2 1002.1 9.73 4.183 1.882 598.4 18.23 72.74
25.00 0.00317 997.0 43.356 104.8 2546.3 890.5 9.87 4.183 1.887 607.1 18.55 71.98
30.00 0.00425 995.6 32.896 125.7 2555.3 797.7 10.01 4.183 1.892 615.4 18.88 71.20
35.00 0.00563 994.0 25.221 146.6 2564.4 719.6 10.16 4.183 1.898 623.2 19.23 70.41
40.00 0.00738 992.2 19.528 167.5 25734 653.2 10.31 4.182 1.905 630.5 19.60 69.60
45.00 0.00959 990.2 15.263 188.4 2582.3 596.3 10.46 4.182 1.912 637.3 19.97 68.78
50.00 0.01234 998.0 12.037 209.3 2591.2 547.0 10.62 4.182 1.919 643.5 20.36 67.95
55.00 0.01575 985.6 9.5730 230.2 2600.0 504.1 10.77 4.182 1.928 649.2 20.77 67.10
60.00 0.01993 983.2 7.6746 251.2 2608.8 466.5 10.93 4.183 1.937 654.3 21.18 66.24
65.00 0.02502 980.5 6.1996 272.1 2617.5 433.4 11.10 4.184 1.947 658.9 21.62 65.37
70.00 0.03118 977.8 5.0447 293.0 2626.1 404.0 11.26 4.187 1.958 663.1 22.07 64.49
75.00 0.03856 974.8 4.1333 314.0 2634.6 377.8 11.42 4.190 1.970 666.7 22.53 63.59
80.00 0.04737 971.8 3.4088 334.9 2643.1 3545 11.59 4.194 1.983 670.0 23.01 62.68
85.00 0.05781 968.6 2.8289 355.9 2651.4 3334 11.76 4.199 1.996 672.8 23.50 61.76
90.00 0.07012 965.3 2.3617 376.9 2659.6 3145 11.93 4.204 2,011 675.3 24.02 60.82
95.00 0.08453 961.9 1.9828 398.0 2667.7 2974 12.10 4.210 2.027 677.4 24.55 59.88
100.00 0.10132 958.4 1.6736 419.1 2675.7 281.8 12.27 4.217 2.044 679.1 25.09 58.92
105.00 0.12079 954.8 1.4200 440.2 2683.6 267.7 12.44 4.224 2.062 680.6 25.66 57.95
110.00 0.14324 951.0 1.2106 461.3 2691.3 254.8 12.61 4.232 2.082 681.7 26.24 56.97
115.00 0.16902 947.1 1.0370 4825 2698.8 243.0 12.78 4.240 2.103 682.6 26.84 55.98
120.00 0.19848 943.2 0.89222 503.8 2706.2 232.1 12.96 4.249 2.126 683.2 27.46 54.97
125.00 0.23201 939.1 0.77089 525.1 2713.4 222.2 13.13 4.258 2.150 683.6 28.10 53.96
130.00 0.27002 934.9 0.66872 546.4 2720.4 213.0 13.30 4.268 2.176 683.7 28.76 52.94
135.00 0.31293 930.6 0.58234 567.8 27272 204.5 13.47 4.278 2.203 683.6 29.44 51.91
140.00 0.36119 926.2 0.50898 589.2 2733.8 196.6 13.65 4.288 2.233 683.3 30.13 50.86
145.00 0.41529 921.7 0.44643 610.8 2740.2 189.3 13.82 4.300 2.265 682.8 30.85 49.81
150.00 0.47572 917.1 0.39287 632.3 2746.4 182.5 13.99 4.312 2.299 682.1 31.59 48.75
155.00 0.54299 912.3 0.34681 654.0 2752.3 176.2 14.16 4.325 2.335 681.1 32.35 47.68
160.00 0.61766 907.5 0.30709 675.6 2758.0 170.3 14.34 4.338 2.374 680.0 33.12 46.60
165.00 0.70029 902.6 0.27270 697.4 2763.3 164.8 14.51 4.353 2.415 678.6 33.92 4551
170.00 0.79147 897.5 0.24283 719.3 2768.5 159.6 14.68 4.369 2.460 677.1 34.74 44.41
175.00 0.89180 892.3 0.21679 741.2 27733 154.7 14.85 4.386 2.507 675.3 35.58 4331
180.00 1.0019 887.1 0.19403 763.2 2777.8 150.2 15.02 4.403 2.558 673.4 36.44 42.20
185.00 1.1225 881.7 0.17406 785.4 2782.0 145.9 15.20 4.423 2.612 671.2 37.32 41.08
190.00 1.2542 876.1 0.15650 807.6 2785.8 141.8 15.37 4.443 2.670 668.8 38.23 39.95
195.00 1.3976 870.5 0.14102 829.9 2789.4 138.0 25.54 4.465 2.731 666.2 39.15 38.82
200.00 1.5536 864.7 0.12732 852.4 2792.5 134.4 15.71 4.489 2.797 663.4 40.10 37.68
205.00 1.7229 858.9 0.11517 875.0 2795.3 130.9 15.89 4.515 2.867 660.3 41.08 36.54
210.00 1.9062 852.8 0.10438 897.7 2797.7 127.6 16.06 4.542 2.943 657.1 42.07 35.39
215.00 2.1042 846.6 0.09475 920.5 2799.7 124.5 16.23 4.572 3.023 653.5 43.10 34.24
220.00 2.3178 840.3 0.08615 9435 2801.3 121.6 16.41 4.604 3.109 649.8 44.15 33.08
225.00 2.5479 833.9 0.07846 966.7 2802.4 118.7 16.59 4.638 3.201 645.7 45.24 31.91
230.00 2.7951 827.2 0.07155 990.0 2803.1 116.0 16.76 4.675 3.300 641.4 46.35 30.75
235.00 3.0604 820.5 0.06534 | 10135 2803.3 1134 16.94 4.715 3.405 636.9 4751 29.58
240.00 3.3447 8135 0.05974 | 1037.2 2803.0 110.9 17.12 4.759 3.519 632.0 48.70 28.40
245.00 3.6488 806.4 0.05469 | 1061.2 2802.1 108.5 17.31 4.806 3.641 626.8 49.94 27.23
250.00 3.9736 799.1 0.05011 | 1085.3 2800.7 106.2 17.49 4.857 3.772 621.4 51.22 26.05
255.00 4.3202 7915 0.04596 | 1109.7 2798.8 103.9 17.68 4.912 3914 615.6 52.57 24.88
260.00 4.6894 783.8 0.04219 | 1134.4 2796.2 101.7 17.88 4.973 4.069 609.4 53.98 23.70
265.00 5.0823 775.9 0.03876 | 1159.3 2793.0 99.6 18.07 5.039 4.236 603.0 55.47 22.52
270.00 5.4999 767.7 0.03564 | 1184.6 2789.1 97.5 18.28 5.111 4.418 596.1 57.04 21.35
275.00 5.9431 759.2 0.03278 | 1210.1 27845 95.5 18.48 5.191 4.617 588.9 58.72 20.17
280.00 6.4132 750.5 0.03016 | 1236.1 2779.2 93.6 18.70 5.279 4.835 581.4 60.52 19.00
285.00 6.9111 7415 0.02777 | 1262.4 2773.0 91.6 18.92 5.377 5.077 5735 62.47 17.84
290.00 7.4380 732.2 0.02556 | 1289.1 2765.9 89.7 19.15 5.485 5.345 565.2 64.59 16.68
295.00 7.9952 7225 0.02354 | 1316.3 2757.8 87.8 19.39 5.607 5.644 556.6 66.91 15.52
300.00 8.5838 7124 0.02167 | 13441 2748.7 85.9 19.65 5.746 5.981 547.7 69.49 14.37
310.00 9.8605 691.0 0.01834 | 1401.2 2727.0 82.2 20.21 6.084 6.799 529.0 75.61 12.10
320.00 11.279 667.4 0.01548 | 1461.3 2699.7 78.4 20.84 6.542 7.898 509.4 83.59 9.88
330.00 12.852 641.0 0.01298 | 1525.0 2665.3 74.6 21.60 7.201 9.458 489.2 94.48 771
340.00 14.594 610.8 0.01079 | 1593.8 2621.3 70.4 22.55 8.238 11.865 468.6 110.20 5.64
350.00 16.521 574.7 0.00881 | 1670.4 2563.5 65.9 23.81 10.126 | 16.110 447.6 134.65 3.68
360.00 18.655 528.1 0.00696 | 1761.0 2482.0 60.4 25.71 14.690 | 25.795 427.2 178.01 1.89
370.00 21.030 453.1 0.00499 | 1889.7 2340.2 52.3 29.57 41.955 | 78.751 428.0 299.38 0.39
373.99¢ 22.064 322.0 0.00311 | 2085.9 2085.9 43.1 43.13 © © o o 0
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