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ABSTRACT

When nanofluid (NF) is used as the working fluid in a rectangular two-phase closed thermosyphon (RTPCT), the formations and heat performance of
two-phase flow patterns are explored qualitatively. Silver nanoparticles were mixed with deionized water at a concentration of 0.5 wt% in the NF.
Nanoparticles improved the thermal contact surface area within the base flow, allowing the base fluid to boil quickly and easily. When the working
fluid was boiled, NF also demonstrated high thermal conductivity capabilities, which diffused and moved along with the dual flow patterns. As a
result, these qualities improved the RTPCT's efficiency. Considering the findings of the RTPCT test at evaporation temperatures of 50, 70, and 90°C,
three flow forms are observed: bubble flow (BF), slug flow (SF), and churn flow (CF), respectively. The slug flow (SF) and the churn flow (CF) are
patterns that influence the heat flux. The greatest heat flow obtained from the test is 4.78 kW/m? at 90°C evaporation temperatures, whereas the heat

flux measured at 70°C and 50°C evaporation temperatures is 2.95 kW/m? and 2.74 kW/m?, respectively.

Keywords: Nanofluids, Internal flow, Flow pattern, Rectangular two-phase closed thermosyphon.

1. INTRODUCTION

Economic growth worldwide is mainly based on the progress made
by the country’s industrial sector. One significant system that drives
industrial growth is the cooling system; therefore, heat exchangers that
have high efficiencies are crucial for overall economic development.
The two-phase closed thermosyphon (TPCT), a type of heat exchanger,
has received considerable attention from researchers because of its high
efficiency, which improves heat transfer. Also, a TPCT can be installed
according to the dimensions of a site (Bhuwakietkumjohn and
Parametthanuwat (2017)). A TPCT is a closed-end pipe that is welded
on both sides; it is cylindrical with a round cross-sectional area. This
research explored the shape adjustments of a TPCT based on its general
appearance. Thus, the rectangular two-phase closed thermosyphon
(RTPCT) was developed for filling NF as the working fluid. The
RTPCT (see Figure 1) comprises three parts, namely, the evaporator
section, the adiabatic section, and the condenser section. The pipes were
made of copper, stainless steel, or carbon steel. The RTPCT works
when the evaporator is heated by a heat source. Then, the received heat
passes through from the pipe wall to the working fluid contained within
the evaporator section. When the working fluid’s temperature became
higher than its saturated temperature, the working fluid was boiled and
transformed from the liquid state into the vapor state.
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Subsequently, vapor floats through the adiabatic section to the
condenser section to release the heat. Condensation turns the working
fluid from vapor into liquid form (Kew and Reay (2006), Noie et al.
(2007) and Rittidech (2010)). Several researchers have recently
performed thermosyphon experiments to explore and improve
thermosyphon heat transmission capabilities and uses. These studies
have involved changing the cross-sectional area, increasing the
qualities of the functional chemicals, or researching the behaviors of
two-state flow patterns created within the thermosyphon. Study of the
thermal performance of a miniature heat pipe with a pipe cross -
section for electronic devices and heat transfer processes. A
computer’s CPU was cooled using small heat pipes with square and
triangular cross - sections. The length of the condenser section,
adiabatic section, and evaporator section were 25, 15, and 10 mm,
respectively. The results proved that small heat pipes with triangular
cross-sectional areas provided higher heat resistance than pipes with
square cross-sectional areas (Moon et al. (2004)). The changes in the
shapes of the TPCT’s cross - sectional area from round to flat were
assessed based on different variables, such as the working fluid
addition rate, heat feeding rate at the evaporator section, and the
different aspect ratios. Water was used as the working fluid in this
assessment.
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Fig. 1 The characteristics of RTPCT and the two-phase flow patterns

The results showed that a flat TPCT (FTPCT) has a higher average
temperature in the evaporator section than a circular two-phase closed
thermosyphon (CTPCT). When the heat fed to the evaporator was
increased, it resulted in higher heat flux in all the test cases
(Amatachaya and Srimuang (2010)). Heat pipes with circular,
semicircular, and oval cross-sectional areas without porous materials
were tested for the working fluids with filling ratios of 10%, 20%, and
30%. Here, water was used as the working fluid, and solar power
collectors used had flat panels. The results revealed that for the working
fluid with a filling ratio of 10%, the flat-paneled solar collector with an
oval cross-sectional heat pipe (without porous material) showed better
performance than a circular cross-sectional pipe. The working fluid had
a filling ratio of 20%; the flat-paneled solar collector with an oval
cross-sectional heat pipe (without porous material) showed lower
efficiency than the heat pipes with oval and semicircular cross-sectional
shapes (Hussein et al. (2006). Changes in the cross-sectional area and
fluid volumes from the CTPCT to the FTPCT directly affected the
addition rate of the working fluid under the same working conditions.
Thus, the working fluid at the evaporator section reached the boiling
point quicker. This resulted in a better overall heat transfer rate in the
FTPCT (Srimuang et al. (2009)). In addition, the thermal efficiency of
the heat exchanger in the air conditioning system employing nanofluids.
To lower the air conditioning system's energy usage The test revealed
the maximum efficiency and thermal conductivity At 55°C intake air
temperature and 1 m/s inlet air velocity, 0.59346 Watts and 883.284
Watts are equivalent, and the thermal recovery is 883.284 Watts. For
the utilization of 5wt% CuO mass concentration while employing
approximately 701.023 Watts of pure water in a nanofluid air
conditioning system employing a heat exchanger. It conserves more
energy than utilizing pure water (Abdallah et al. (2022)).

Assessments were conducted to evaluate the effects of using NF as
a working fluid in the TPCT made from copper tubes with internal
diameters of 7.5, 11.1, and 25.4 mm; the filling ratios were 30%, 50%,
and 80% with respect to the evaporator volume, and the aspect ratios
were 5, 10 and 20 in a vertical position. Also, the working temperatures
were 40°C, 50°C, and 60°C. The results proved that for the aspect ratio
of 20, the working temperature was 60°C, using NF as the working
fluid in the TPCT with an internal diameter of 25.4 mm; the maximum
heat transfer rate obtained was 750.81 W. This was 70% higher than
when water was used as the working fluid (Parametthanuwat et al.
(2010)). Using water mixed with silver nanoparticles as a working fluid
within a heat pipe reduced the heat resistance within the pipe to
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between 10% and 80% as compared with the situation when water
alone was used as the working fluid and heat was transferred to the
evaporator at 30-60 Watts. The heat resistance of HP decreased as the
sizes of the silver nanoparticles and the concentrations increased.
Changes in the cross-sectional area from the CTPCT to the FTPCT led
to cross-sectional area and volume changes, which directly affected the
addition rate of the working fluid under the same working conditions.
Thus, the working fluid at the evaporator section reached the boiling
point quicker. This resulted in a better overall heat transfer rate in the
FTPCT (Kang et al. (2006)). The efficiency of the TPCT increased to
14.7% when aluminum oxide nanoparticles (Al,O3) were used as the
working agent instead of deionized water. This efficiency increase was
confirmed by the temperature distribution on the TPCT surface. One
advantage of using fluid nanoparticles as the working fluid was the
increase in the contact surface area where heat was received and
emitted to the base liquid. Thus, the base liquid could be boiled easily
when heated by the evaporator of the TPCT. Moreover, nanoparticles
possess high thermal conductivity, which helped heat the pipe and the
thermosyphon worked better as compared with the original base fluid
(Noie et al. (2009)). The use of TiO, as the working fluid in the TPCT
resulted in 1.4 times higher heat transfer efficiency when compared
with the use of water as the working fluid (Shin et al. (2011)). Another
factor that directly affected the heat transfer of the TPCT is the flow
pattern of the two-phase working fluid generated by the heat cycle. The
flow pattern behaviors included the nature of the occurrence of each
type of flow that related to various variables, such as the working fluid,
aspect ratio, pipe diameter, cross-sectional shape, inclination angle,
filling ration of the working fluid and evaporator temperature. Previous
studies have provided information on two-phase flow patterns, such as
the use of R123 as the working fluid in a TPCT with an internal
diameter of 11.1 mm. Assessments were conducted at 30°C of vapor
temperature. The aspect ratios were 5, 10, and 30, and the filling ratio
was 80% with respect to the evaporator volume; the inclination angles
were 5°, 30°, and 90° from the horizontal plane. The results proved that
at the aspect ratio of 30, the inclination angle was 90° from the
horizontal plane, and the flux heat was 20.7 kW/m?. The main flow
patterns found were annular flow (AF) and churn flow (CF) combined
with slug flow (SF). In the lower part of the evaporator, a bubble flow
(BF) pattern was found, whereas the central and the upper parts of the
evaporator showed SF, CF and AF respectively. Additionally, for the
inclination angle of 30° from the horizontal plane and the heat flux of
24.6 kW/m?, BF and SF were the main flow patterns. However, in the
lower part of the evaporator, BF was observed. The central and upper
parts of the evaporator section showed the SF with extended liquid
wave and separated layer flow, respectively. At the inclination angle of
5° from the horizontal plane, the heat flux was 16.7 kW/m?, and BF and
SF were the main flow patterns found together with the slightly
expanded liquid waves. The lower and middle parts of the evaporator
section showed SF with liquid waves. The upper part of the evaporator
section showed the SF pattern with liquid waves sprayed from the
center of the evaporator. For every test having an aspect ratio of 10, the
flow patterns created were similar to the flow patterns with the aspect
ratio of 30. For the aspect ratio of 5, BF was the main flow pattern at
the maximum heat flux values of 92.4, 78.6, and 53.9 kW/m? when the
inclination angles were 30°, 90°, and 5°, respectively, from the
horizontal plane (Terdtoon et al. (1998)).

In a previous study (Bhuwakietkumjohn and Rittidech (2010)),
experiments were conducted on a circular oscillating heat pipe fitted
with a nonreturn valve with an inner diameter of 2.4 mm, an inclination
angle of 90° from the horizontal plane, and an evaporator temperature
of 125°C; the results showed that the dispersed BF was in the lower part
of the evaporator when using ethanol and ethanol mixed with silver
nanoparticle powder as the working fluid. The maximum heat flux of
2.04 kW/m? was recorded when ethanol mixed with silver nanoparticle
powder was used as the working fluid, whereas the maximum heat flux
of 1.31 kW/m? was recorded when ethanol was used as the working
fluid (Bhuwakietkumjohn and Rittidech (2010)). TPCTs made of glass
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with graphene—acetone NF were used as the working fluids at
concentrations of 0.05%, 0.07%, and 0.09%. When tested at 10, 20, 30,
40, and 50 W of heat applied at evaporator section, BF was found
intermittently at 10 W; however, at 20 W, more BF was found. The CF
was found when 30 W heat was applied. The CF changed to AF when
the evaporator was heated to 40 and 50 W, and the AF resulted in the
highest heat transfer coefficient. Additionally, heat resistance was
reduced to a maximum of 70.3%, and the heat transfer coefficient of the
evaporator increased to 61.25% at the concentration of 0.09%
(Asirvatham et al. (2015)). The TPCT was made from a glass tubing
with deionized water mixed with silver nanoparticles at the
concentration of 0.5 wt% (NF) as the working fluid with respect to the
total volume of water containing 1 wt% of oleic acid with respect to the
total NF volume. Studies revealed four types of flow patterns: BF, SF,
CF, and ring flow. Both the CF and ring flow influenced the heat
transfer rate of the TPCT, which had an inner diameter of 7 mm at the
inclination angles of 80° and 90°, respectively. For the TPCT with an
inner diameter of 25.2 mm at the inclination angle of 80°, four types of
flows were detected: BF, SF, CF, and a separate layer flow. The CF and
the separate layer flow were found to affect the heat transfer rate. When
testing the TPCT with the inner diameter of 25.2 mm at the inclination
angle of 90° , four flow patterns were found, namely, BF, SF, CF, and
turbulent flow. Turbulent flow occurred continuously when the
temperature of the evaporator was increased from 70°C to 90°C. The
CF and turbulent flow were found to affect the heat transfer rate in this
test. Furthermore, the TPCT with inner diameters of 7 and 25.2 mm
showed the highest heat transfer rates of 31.88 and 58.15 W,
respectively, at the evaporator temperature of 90°C and the inclination
angle of 80°C (Sichamnan et al. (2020)).

The two-phase flow patterns and the enhanced thermal efficiency
limit of the RTPCT showed that the behavior and flow pattern were
regulated by the structural characteristics of the pipes used to build the
thermosyphon. Furthermore, the choice of modified working substances
contributed to the flow pattern that transferred the heat from the
evaporator to the condenser. This is considered an important behavior
that improves the thermal efficiency of the thermosyphon design. Past
research results showed a limited understating of the flow pattern of the
RTPCT. Thus, this research focused on the behavior and
characterization of the two-state flow patterns in which NF was used as
a working substance with a two-state closed thermosyphon face area.
The obtained data can be used as the basis for building, developing, and
designing future RTPCTs.

2. THEORY AND ANALYSIS

2.1 Geometric characteristics of the cross — sectional
adjustments

The basic principle of this study involved the different geometric cross-
sectional theory (DGCST), as shown in Figure 2. The DGCST involves
changes made to the cross-sectional area of RTPCT, as determined by
the basic relationship of the TPCT. The determinants were the aspect
ratio, cross-sectional area, wetted perimeter, and hydraulic radius
(Srimuang et al. (2011)).

The aspect ratio can be obtained follows

T L
Lo — e 1
D. 4R M

i h
where 7, is the evaporator section length (m), D; is the inner diameter
of the pipe (m), and R, is the hydraulic radius (m).
The cross-sectional area is obtained as follows

A:ﬂYz

+ XY 2)

where A is the cross - sectional area after modification (m?), X is the
length of the pipe (m), and Y is the outer length of the pipe (m).
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The wetted perimeter can be obtained as follows:

w =Y+ XY 3)

perimeter
The hydraulic radius is given as follows:

(m/ Y+ XY

which means 4R, = D, 4
¥ +2X
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2.2 Preparation of silver nanoparticle fluid

To prepare silver nanoparticles <100 nm with a 99.9% metal basis, the
physical technique used was sonication in an ultrasonic bath for 6 h at a
frequency of 43 kHz and a controlled temperature of not more than
20°C. When these steps were completed, the silver nanoparticles were
dispersed in the base fluids, as per the data given in Table 1 (Hwang et
al. (2008)).

Table 1 Summarizes the detailed experimental conditions of various
silver nanofluid preparatory methods employed in this study.

Step Method of producing silver nanofluid
Silver Nano powder < 100 nm particle size, 99.9%
1 (metals basis) at concentrations of 0.5 wt% mixed

with De-ionized water
Silver nanofluid Ultrasonic bath (Test condition
Sonication time: 6 hrs. Frequency: 43 kHz.)

2.3 Heat transfer characteristics

The heat transfer efficiency of the RTPCT can be calculated from the
temperature differences between the evaporator section and the
condenser section. The total heat resistance can be calculated from the
following equations (Kew and Reay (2006)):

AT
Oreoreiical = 7 5)

total
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Here, Z,,, is the RTPCT’s total heat resistance (see Figure 3), which is
described as the TPCT’s total heat resistance comprising the heat
resistance components (Anon (1980)) Z, - Z,,

Z,and Z, are the heat resistors between the heat source and the
external surface of the evaporator and between the external surface of
the condenser and the heat source, respectively.

Z, and Z; are heat resistors for the heat conduction through the wall
of the pipe in the evaporator and condenser parts, respectively.

Z,and Z, are the internal heat resistors of a boiling and condensed
fluid, respectively.

Z,and Z; are the heat resistances at the contact surfaces between the
vapor and the liquid at the evaporator and the condensation parts,
respectively

Z; is the effective heat resistance caused by a pressure drop in the
vapor that flows from the evaporator to the condenser.

Z,, is the thermal conductivity along the axis of the pipe wall.

The surface area of RTPCT, which was more than that of TPCT, had
full contact with the heat source and the heat releasing parts, as shown
in Part C of Figure 2. The values created by RTPCT can be eliminated
by Z, and Z, (see Figure 3).

Characteristic of RTPCT Model of total resistance of RTPCT

'. Top of condenser — =
» 2 ;
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Fig. 3 The total heat resistance model of RTPCT

3. EQUIPMENT INSTALLATION AND ANALYSIS

Figure 4 shows the installation of test kits, which includes the formation
of the RTPCT (see Figure 4 (a)) By connecting to a vacuum pump and
beginning the process from vacuum within the RTPCT. Vacuum pump
is connected to the valve of the substance addition kit. After the internal
vacuuming process, the RTPCT feeds the working fluid through the
addition tube, which is connected to the refill kit, as shown in Figure 4
(a). For the installation of the test kit (see Figure 4 (b)), hot water from
the hot tub is sucked into the hot jacket using a pump to heat up the
evaporator parts of the RTPCT. The hot water temperature from the hot
tub is controlled by the control panel. The cold water from the cold bath
was sent through the flow meter with 5% accuracy before entering the
cold jacket. This was done to allow the cold water to reach the
condensation section of the RTPCT. The system was equipped with
nine temperature detection points. When the test system reached
equilibrium under specified conditions, the flow patterns at the
evaporator were recorded using a video camera. Concurrently, the data
recordings of temperature were made for all the nine points using the
K-type thermocouple with an uncertainty of 1.5°C; the thermocouple
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was connected to a data logger (Yokogawa DX200) with 1°C accuracy.
These nine measuring points consisted of two hot tubs, one hot water
box, two thermal shields of the RTPCT, one cold-water inlet, one cold
hot water outlet, one cold hot water tub, and one environmental
temperature control system. Temperatures at the water outlet and inlet
of the cold-water box were used to calculate the heat transfer rate. The
RTPCT’s wetted perimeter length was 25.2 mm along both the X and Y
sides; the aspect ratio was 5, and NF was the working fluid. The filling
ratio was 50% with respect to the evaporator volume, and the inlet
water temperature at the condensing section of 0.25 L/min was 20°C;
the test inclination angle was 90° from the horizontal plane, and the
evaporator temperatures were 50°C, 70°C, and 90°C. This information
is displayed in Table 2.

3.1 Test set installation and testing

| ae werltas finide » Thaiarinred water rmived cilvar aara st das |
The working fluids ; De-ionized water mixed silver nanoparticles |
|

concentration of 0.5 wt% (NP)

The evaporator temperature ; 50, 70 and 90 °C

Aspect ratio ; 5
The mass flow rate of feed water was 0.25 liter/min.

Temperature water of the condenser section was 20 °C

The filling ration was 50% with respect to evaporator section

Distance of RTPCT sides X and Y 5 25.2 mm.

The inclination angel 5 90°

(6)

Working 5 d water mi er |
nanoparticles concentration of 0.5 wt% (NP) |
a
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A
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: |
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Thermocouple line

Cold water outlet

Control panel|

AC-220Volt

Data logger

Cold bath

Thermocouple line

Hot water inlet

| AC-DC
Adaptor

i AC-220Volt
i
Fig. 4 Installation of test kits and tests

3.2 Heat transfer rate and heat flux

Heat transfer is initiated when the liquid state working fluid contained
in the RTPCT received heat from a heat source that causes the liquid
substances to boil, vaporize, and float through the heat shield to release
the heat in the condenser. After being exposed to heat sources that had
lower temperatures, the working fluid changes its status from vapor to
liquid and flowed into the RTPCT evaporator because of gravity. The
rate of heat transfer can be obtained from the following equation
(Incropera and DeWitt (1996))

O=me,(T, ~T,) ™
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Table 2 Controlled and variable parameters.

Conditions Details

Independent The evaporator temperature at 50, 70 and 90 °C
Variables (Te)

- The effect of the evaporator temperature to the
flow patterns two phase closed rectangular cross
section area thermosyphon (RTPCT).

- The effect of the evaporator temperature to heat
transfer rate and heat flux two - phase closed
rectangular cross section area thermosyphon
(RTPCT).

- Distance of sides X and Y were 25.2 mm. (X, Y)
- The working fluids; silver nanoparticles mixed
with De-ionized water at concentration of 0.5 wt%
(NF)

- The inclination angle was 90°. (AI)

- The mass flow rate of feed water was 0.25
liter/min.

- The temperature water of the condenser section
was 20 °C. (T¢)

- The aspect ratios was 5 (AR)

Dependent
Variables

Control
Variables

Here, Q is the heat transfer rate (W), ngz is the mass flow rate of water
in the condenser section (kg/s), ¢, is the specific heat capacity of the
water (J/kg ¢ 'C), T, is the water outlet temperature of the condenser
section (‘C), and T,

section (C).
The flow rate at the condenser can be calculated from the
following equation:

is the water inlet temperature of the condenser

m = pvd ®)

Where p is the density of the water (kg/m?), v is the velocity of the

water (m/s), and 4 is the cross-sectional surface area of the water flow
(m?).

The heat flux can be calculated from the following equation:

=2 -2
A zD,L,

4

©

Here, g is the heat flux (W/m?), O is the heat transfer rate (W), D, is
the outside diameter of the pipe (m), 4. is the external surface area of
the condenser of the pipe (m?), and L, is the length of the condenser of
the pipe (m).

The behavior and flow patterns of the two phases that occurred in the
evaporator parts of the RTPCT were recorded using video cameras
from the beginning of the flow in each test case. Then, the recorded
video was converted into still images at the rate of 60 frames/s. The
two-phase flow patterns occurred as a continuous flow cycle; thus, the
flow pattern percentage was calculated from three flow cycles of these

recorded flows. The percentage of the flow pattern can be calculated by
calculating the area (width x length) of each flow pattern as follows:

Numberof grid foreach flow pattern »
Total grid

100

(10)

(%) Each flow pattern =

The grid with equal spacing of each channel is a fictional table that
helps to estimate the location, distance, and area of an image. The two-
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phase flow models obtained from this research are represented by a
two-dimensional projection (width x length), which leads to the actual
shape of each flow pattern for each angle and side.

3.3 Uncertainty Analysis

The uncertainty because of the calculation is of two types: Types A and
B. Type A is the uncertainty caused by the sampling sources that are
statistically evaluated. This can be calculated by the following equation:

X+ X, + X, +..+X,
n

s

X =

(11)

Here, the standard deviation can be calculated from the following
equation (12):

o VX XY + (X, = X) 4 (X, =XV X, = X)

n,—1

(12)

w =5D (13)

i,typed (
nS

Where 7 is the number of times measurements were made in the
experiment.

Type B is the uncertainty caused by system errors that can be calculated
from the following equation:

a

ui.{meB = %

Here, a is the semi-range (or half-width) between the upper and lower
limits.

The sum of the standard uncertainty types (A and B) can be
calculated from the following equation:

(14)

u, = \/(ui.lypeA )+ (u‘._lyﬁﬂg)2 +...efc (15)

Table 3 Uncertainty analysis result.

Type A Type B

Quantity source Uncertan;tj./ of Thermocouple | Data logger
of uncertainty ;’éecin reading type K (°C) (°C)

Value of 2001372 | -200-1100
quantity

Confidence

level (%) 95 95 95
Converge factor | 2 2 2

Standard

uncertainty (u;) 0.00229 0.86602 0.57735
Sensitivity

coefficient (c) 1 0.99817 0.99846
gl‘_f;“amty 0.00229 0.86443 0.57646
Combined

uncertainty 0.53073

component

Expanded 1.06146

uncertainty
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The expanded uncertainty can be calculated from the following
equation:

U = Ku, (16)

When k = 2 is correct, the combined standard uncertainty in normally
distributed results in the level of confidence is approximately 95 (Bell,
(2001); Pipatpaiboon (2012)). The results of the uncertainty analysis of
this study are given in Table 3.
For other coverage factors (normal distribution):

K =1 for a confidence level of approximately 68%,

K = 2.5 for a confidence level of 99%, and

K =3 for a confidence level of 99.7%.

4. RESULTS AND DISCUSSION

According to the study of the flow patterns using NF as the working
fluid within the RTPCT, the dimension of the X and Y sides was 25.2
mm, and the aspect ratio was 5. The inclination angle was 90° , and the
testing evaporator temperatures were 50°C, 70°C, and 90°C.

4.1 Behavior and flow patterns within a rectangular two-
phase closed thermosyphon

I Bubble flow

R |
Gravity (g)

. Bubble flow (BF)

Slug flow (SF)

I RTPCT X,Y=25.2mm. AI90, ARS

I;iz;. 5 The two phase flow pattern (RTPCT X, Y = 25.2 mm, AI 90°,
ARS5)

When the heat from the heat source comes into contact with the
evaporator of the RTPCT, which contains the working fluid, the
temperature of the pipe surface in the evaporator gradually rises to a
level at which heat can penetrate through the pipe’s wall to the working
fluid, which results in the accumulated heat being absorbed by the
working fluids. The working substance with the silver nanoparticles
distributed in the base fluids increased the surface area for the heat
receptor. Thus, the base fluids could be boiled easily. Silver
nanoparticles have high conductivity; consequently, they can achieve
efficient heat transfer to the base fluids. Therefore, the working fluid
becomes a saturated liquid, which decreases its density and viscosity.
Then, the working fluid begins to boil and change from the liquid state
to the vapor state (see Figure 5). The initial characteristic of the BF
formation begins with small vapor bubbles created by movements in the
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Table 4 Effects of evaporator temperature on flow pattern within
RTPCT with the lengths of the X and Y of 25.2 mm, the aspect ratio of
5, the inclination angle was 90 ° and the working fluids was de-ionized
water mixed silver nanoparticles at the concentration of 0.5wt% (NF).

The evaporator temperature 90 ° C, (q = 4.78 kW/m?)
Churn flow Slug flow Bubble flow

% =19.54 % =9.28 % = 06.84
Ve =10.55 m/s Ve =10.47 m/s Ve=10.24 m/s
P =3.81 MPa P =2.68 MPa P =135 MPa

The evaporator temperature 70 °C, (q = 2.95 kW/m’)
Churn flow Slug flow Bubble flow

.......

% =15.73 % =9.28 % = 06.84
Ve =0.50 m/s Ve =10.47 m/s Ve=10.24 m/s
P =284 MPa P =2.68 MPa P =1.35MPa

The evaporator temperature 50 °C, (q = 2.74 kW/m’)

Churn flow

Bubble flow

Churn flow (CF) l

Slug flow

% =10.62 % =06.51 % =292
Ve =10.47 m/s Ve =0.44 m/s Ve=10.22m/s
P =2.02 MPa P =193 MPa P =0.96 MPa

Vg, P = average speed (m/s) and average pressure (MPa) of the vapor
bubble

fluid. The increase in the proportion of BF causes the steam bubbles to
expand until they become bullet-shaped bubbles and form an SF pattern
(Liu et al. (2007)). SF has a higher velocity than BF; thus, the bullet-
shaped flow was distorted, and it started to break down. This type of
flow is called turbulence flow. Certain SF heads may collide with the
tails of the preceding lumps, which results in a type of flow called CF.
Figure 5 shows that these flow patterns move upward to the condenser
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for cooling down; they release heat and are condensed into a liquid
before the liquid working fluid is pulled down along the inner surface
of the pipe to the evaporator by the earth’s gravity. Then, the working
fluid accepts heat from the heat source and evaporates again. This is a
typical work cycle of the working fluid within the RTPCT (Sichamnan,
(2020); Terdtoon, (2001)).

4.2 Effect of evaporator temperature on two-phase flow
patterns

The evaporation temperatures of 50°C, 70°C, and 90°C of the RTPCT
were used with the wetted perimeter of the X and Y sides of 25.2 mm;
the aspect ratio was 5, and the inclination angle was 90° . NF was the
working fluid, which began to boil and evaporate in the saturated liquid
state. When the evaporator temperature was 50°C (see Table 4), the
three flow patterns, namely, BF, SF, and CF, which were found within
the RTPCT, accounted for 2.92%, 6.51%, and 10.62% of the flow
patterns, respectively. When the evaporator temperature was raised to
70°C, the three flow patterns within the RTPCT, namely, BF, SF, and
CF, accounted for 6.87%, 9.28%, and 15.73% of the flow patterns,
respectively. When the evaporator temperature was raised to 90°C, the
working fluid boiled quite vigorously; the flow patterns generated in
each cycle of the operation were more than those generated at the
evaporation temperatures of 70°C and 50°C. Thus, the flow patterns
were evidently higher at the evaporator temperature of 90°C than when
the evaporator temperatures were 70°C and 50°C. At the evaporator
temperature of 90°C, three forms of flow patterns, namely, BF, SF, and
CF, were found, which accounted for 7.34%, 11.75%, and 19.54% of
the flow patterns, respectively. When considered in conjunction with
the pressure generated by the two flow patterns at different evaporator
temperatures, the increased evaporator temperature resulted in vigorous
and continuous boiling. The evaporator temperature directly affected
the pressure giving rise to two flow patterns. At the evaporator
temperatures of 90°C, 70°C, and 50°C, the pressure generated by CF
and SF was high. The two flow patterns affected the heat transfer rate
and heat flux. The maximum pressures at 90°C of the evaporator
temperature for CF, lump flow, and BF were 3.81, 3.38, and 1.62 MPa,
respectively. These two-phase flow patterns passed through the heat
shield to the condenser where the temperature was low, and they began
to release the heat. The two-phase flow consisted of the liquid and gas
states; after releasing the heat, the liquid working fluid was pulled down
by the earth’s gravity along the inner surface of the pipe to the
evaporator (Franco and Filippeschi (2012), Smith et al. (2016)).

4.3 Relationship of flow patterns, velocity, and heat flux

1.60 -
ORTPCT X,Y25.2mm, ARS, Ai%, NF

1.40 { ATPCT ID25.2mm, ARS, A190, NF, (Sichamnan. (2019))

Churn flow (CF)A
Slug flow (SF) A

E oy
E 1.00 Churn flow (CF)
=
Slug flow (SF)
g 0.80 1 -
§
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Bubble flow (BF)

A
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Fig. 6 Relationship of flow patterns velocity and heat flux of RTPCT

which has the length of sides X and Y of 25.2 mm, and aspect ratio of 5
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Figure 6 shows the relationship of the flow patterns, velocities, and
heat flux values of the RTPCT with the wetted perimeter of 25.2 mm
along the X and Y sides; the aspect ratio was 5, and the inclination
angle was 90°; NF was the working fluid. The changing flow pattern
was accompanied by the velocity and heat flux of each flow pattern.
Depending on the flow cycle, BF was initiated by boiling, and its
movements accumulated energy both in the form of heat and velocity.
This resulted in the appearance or shape of the BF expanding with the
movement, which finally enlarged and elongated the bubble sizes such
that the flow resembled a bullet. This flow type is also known as SF.
Because of the behaviors and characteristics of the velocity and
pressure of the flow, which increased in accordance with the
movement, the flow became turbulent and distorted. This led to a
different type of flow called CF, as shown in Figure 6 (Liu et al. (2007),
Payakaruk et al. (2020), Sichamnan. (2019)), The two-phase flows of
the RTPCT resulted in high heat flux and intensity increasing from BF
and SF to CF.

The velocity and behavior of the flow patterns were obtained by
comparing the RTPCT flow with the TPCT flow. The wetted perimeter
of the RTPCT was 25.2 mm along the X and Y sides, and it had an
aspect ratio of 5. The TPCT had a diameter of 25.2 mm and an aspect
ratio of 5. NF was used as the working fluid (Sichamnan. (2019)). The
results are shown in Figure 6. The results prove that BF, SF, and CF
obtained from the TPCT exhibited lower flow velocities than those
obtained from the RTPCT. The RTPCT takes the form of a square rod
with square cross-sectional areas for receiving heat at the evaporator
and releasing the heat at the condenser. The area of the RTPCT was
larger than that of the TPCT, as shown in Figure 2. The RTPCT
possessed a larger wetted contact area between the working fluid and
the inner pipe surface than the TPCT. Additionally, when the
evaporator section of the RTPCT received heat from the heat source, its
working fluid boiled easily, which resulted in faster two-phase flow
patterns of BF, SF, and CF from the beginning. Additionally, in both
the evaporator section and the condenser section, the RTPCT surface
area was greater than the TPCT surface area. Thus, when the working
fluid condensed at the condenser section, the condensed liquid film that
was formed had enough space for distribution on the inner surface of
the RTPCT. Consequently, the condensed liquid film was quite thin and
spread out over the entire area. This helped to reduce the friction or the
collision of the flow pattern that floated up from the evaporator section
to the condenser section (Bhuwakietkumjohn and Parametthanuwat
(2017), Srimuang et al. (2009)). With this flow behavior and the
characteristics of the RTPCT condensation, BF, SF, and CF generated
by the RTPCT had higher flow velocities than the ones generated by
TPCT (see Figure 6).

4.4 Effects of the evaporator temperature on the heat flux

Figure 7 shows the relationship between the evaporator temperature and
the heat flux obtained by testing the RTPCT with the wetted perimeter
of 25.2 mm along the X and Y sides and the aspect ratio of 5; this heat
flux was compared with the heat flux obtained from a TPCT with the
diameter of 25.2 mm and the aspect ratio of 5 when NF was used as the
working fluid (Sichamnan. (2019)).

When tested under the same conditions (see Figure 7), the results
showed that the average heat flux obtained from the RTPCT was higher
than the average heat flux obtained from the TPCT that used NF and
deionized water as the working fluids. At the 90 ° C evaporation section
temperature test, the highest heat fluxes were found to be 4.78, 3.98,
and 2.14 kW/m? for the cases evaluated with RTPCT, TPCT when NF
was used as working fluid, and TPCT when deionized water was used
as working fluid, respectively.

The RTPCT had larger surface areas at the evaporator and the
condenser sections than the TPCT, as shown in Part C of Figure 2.
Furthermore, when Part C of Figure 2 is considered in conjunction with
Figure 3 (which shows the total heat resistance diagram of the RTPCT
combined with the surface areas of the RTPCT in the evaporator and
condenser parts), the heat resistance between the external surface of the
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Fig. 7 Shows the relationship between evaporator temperature and the
heat flux of RTPCT

evaporator and the heat source (Z1) and the heat resistance between the
external surface of the condenser and the heat source (Z9) were both
eliminated. This helped the working fluid to reach the boiling point in
the evaporator section and easily release the heat at the condenser.
When the evaporator temperature was high, the amount of heat received
by the working fluid also increased. When the working fluid was in the
form of a saturated liquid, its density and viscosity were reduced
according to the rising temperature. The working fluid boiled
vigorously and frequently as the temperature of the evaporator section
increased, and the fluid changed from liquid to gas before floating to
release the heat at the condenser section. Moreover, this research used
the NF within the RTPCT, which further enhanced the heat transfer
characteristics of the RTPCT. The silver nanoparticle fluid was
suspended in the base fluid (deionized water), which helped increase
the surface area or the contact angle to the heat of the base fluid much
more than using just the base fluid. The results obtained are shown in
Figure 7. Clearly, it was easier to boil the base fluid in the evaporator
section when the fluid was combined with silver nanoparticles that had
higher thermal conductivity than water. (Paramatthanuwat et al.
(2010)). Therefore, the two-phase state flow patterns within the RTPCT
were directly affected. The results obtained from Figure 6 and Table 4
were consistent with the velocity of the flow patterns from the RTPCT,
which showed higher flow velocity than any patterns obtained from the
TPCT. Consequently, changes in the flow patterns from BF to SF and
CF could occur quite rapidly. This led to a greater percentage of
occurrences of CF and SF. Due to the high percentages and velocities of
CF and SF, these flow types could transfer and release more heat at the
condenser section. The transfer capacity was proportionate to the
occurrence of the flow patterns. Thus, the CF and SF directly affected
the heat transfer in the RTPCT. The RTPCT, which used silver
nanoparticles as the working fluid, had a higher average heat flux in all
the test categories when compared with the results obtained from both
types of TPCTs that used silver nanoparticles and water as the working
fluid. The results obtained are shown in Figure 7.

5. CONCLUSIONS

e  Tests conducted at the RTPCT’ s evaporation temperatures
of 50°C, 70°C, and 90°C with the inclination angle of 90°
and with NF as the working fluid revealed three flow
patterns: BF, SF, and CF. SF and CF had relatively high
occurrence percentages, and they affected the heat flux.

e A comparison of the behaviors and flow patterns obtained
from the RTPCT and the TPCT showed that the velocity of
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all the flow patterns obtained from the RTPCT was higher
than the flow velocity obtained from TPCT (see Figure 6).

e As the evaporator temperature increased, the heat transfer per
unit area or the heat flux also increased. The maximum heat
flux in the RTPCT was 4.78 kW/m? at the evaporation
temperature of 90 °C, and the heat flux values were 2.95 and
2.74 kW/m? for the evaporation temperatures of 70 ‘C and
50°C, respectively.

e  When the RTPCT was altered by the geometric cross-
sectional area, it was determined by the wetted perimeter
expressed as the X and Y sides. For the TPCT, the geometric
cross-sectional area was determined by the internal diameter.
The nature of the transition was to a rectangular cross-
sectional area, which resulted in a better contact surface
exposure to heat sources and heat receivers. This enhanced
the ability to eliminate the heat resistance between the heat
source and the heat receiver. Thus, the total heat resistance in
the RTPCT was less than that in the TPCT.

e To study the two-phase flow behavior and improve the
thermal properties of the RTPCT, this research used NF as the
working fluid within the RTPCT. A major advantage of silver
nanoparticles is that they increase the contact surface area for
receiving and releasing heat to the base fluids. Furthermore,
silver nanoparticles facilitate the boiling of the base fluids
when heated. This easily led to the two-state flow and a
transition to another type of flow, which was accompanied by
heat convection. This was caused by the higher thermal
conductivity of the silver nanoparticles when compared with
a base fluid used as a sole working fluid.
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NOMENCLATURE

RTPCT rectangular two-phase closed thermosyphon
NF nanofluid

TPCT two-phase closed thermosyphon
BF bubble flow

SF slug flow

CF churn flow

Ve speed of the vapor bubble (m/s)

P pressure of the vapor bubble (MPa)
T temperature (° C)

e evaporator

c condenser
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