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Abstract This research explored different types of two-phase flow pat-
terns that influenced heat transfer rate by assessing rectangular two-phase
closed thermosyphon (RTPCT) made from glass with the sides of equal
length of 25.2 mm, aspect ratio 5 and 20, evaporation temperature of 50,
70, and 90 ◦C, working substance addition rate of 50% by volume of evapo-
rator, and water inlet temperature at condensation of 20 ◦C. Upon testing
with aspect ratios 5, three flow patterns emerged which were: bubble flow,
slug flow and churn flow respectively. As per the aspect ratio 20, four flow
patterns were discovered which were: bubble flow, slug flow, churn flow and
annular flow, respectively. Aspect ratio 5 pertains characteristic which re-
sulted in a shorter evaporation rate of the RTPCT than that of the aspect
ratio 20, thus, a shorter flow distance from the evaporator section to heat
releaser was observed. Therefore, flow patterns at aspect ratio 5 exhibited
a faster flow velocity than that of the aspect ratio 20. Furthermore, changes
of flow pattern to the one that is important for heat transfer rate can be
easily achieved. Churn flow was the most important type of the flow for
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heat transfer, followed by slug flow. Moreover, with aspect ratio 20, an-
nular flow was the most important flow for the heat transfer, followed by
churn flow, respectively. Throughout the test, average heat flux as obtained
from the aspect ratio 5 were 1.51 and 0.74 kW/m2 which were higher than
those of the aspect ratio 20. The highest heat flux at the operating tem-
perature of the evaporator section was 90 ◦C, which was equivalent to 2.60
and 1.52 kW/m2, respectively.

Keywords: Internal flow; Flow pattern; Rectangular two-phase closed thermosyphon

1 Introduction

Two-phase closed thermosyphon (TPCT), shown in Fig. 1, is a type of
heat pipe with no porous materials as a component. TPCT consists of
3 parts, evaporator, heat protector, and condenser and is produced from
steel, stainless steel, and copper pipes. Both ends of TPCT are welded by
the same materials that are used to make the pipe. Upon receiving of heat
from a heat source, TPCT’s evaporator will pass through the heat via inner
wall of the pipe to the working substance until the substance’s temperature
is higher than its saturated temperature [1–3].

Figure 1: Characteristics and flow patterns of TPCT and RTPCT.

Whilst the evaporator’s temperature increases, viscosity and density of the
working substance decreases. The boiling of working substances transforms
its state from liquid to gas that leads to bubble flow pattern which accu-
mulate energy as velocity and pressure [4]. Bubble flow will be initiated as
speed and pressure increased. Thus, the bubbles will be merged or mixed
with other bubbles which created a bigger vapor lumps. The size of such
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vapor lumps increases as a longer distance of movement is covered. This
type of flow resembles a bullet shape flow, thus, it is also called a slug
flow. After a period of flow, slug flow movement will be distorted which
lead to asymmetric flow due to the increased speed and pressure. This will
eventually lead to a flow pattern known as the churn flow [5]. When the
flow pattern moved at the highest speed and pressure, gaseous state will
be detected at the center of the pipe whereas the working substance, as
liquid state, flows on the side of the pipe back from the condenser towards
the evaporator. This flow pattern is known as annular flow [6] as shown in
Figs. 1 and 4b. The two-phase flow pattern, liquid and gas phases, in the
TPCT moves from the evaporator through the adiabatic to the condenser
section respectively which liquefied gaseous working substance into liquid
form. Two-phase closed thermosyphon uses evaporation and condensation
mechanisms of the working substance to transfer the heat. Liquid working
substance from the condensation unit is drawn back to the evaporator again
by the gravity. Such cycle of work will continue continuously [7,8]. The two-
phase closed thermosyphon attracts inexpensive construction costs, and
exhibits a simple structure that requires no external energy to operate.
TPCT has very little heat resistance, thus, works highly efficiently even
at little differences in temperature between the heat source and the heat
receptor. TPCT requires relatively low maintenance costs. The industrial
sector, therefore, applies TPCT as a cooling device, particularly when the
heat reuse is required. These industries are electronic components, cooling
turbine blades, heat system, and solar power etc. On the contrary, TPCT
may encounter two main problems: heat transfer – due to the counter flow
behavior between the gaseous and liquid working substance at the heat and
condensation component which directly affects the heat transfer. Moreover
TPCT is mostly manufactured from a round tube or a cylindrical cross-
sectional tube which influences the installation and application to work
areas that require cooling or heat exchange [7]. Therefore, there have been
attempts to study the two-phase closed thermosyphon (TPCT) including
a heat pipe (HP) with a cross-sectional surface area (or cylindrical cross-
sectional surface area) other than the circular cross-sectional one in order
to reduce the above mentioned problems. Previous research revealed that
circular two-phase closed thermosyphon (CTPCT) which evolved to be-
come the flat two-phase closed thermosyphon resulted in volume reduction
of the pipe. Thus, the cross-sectional surface area directly affects the addi-
tion ratio working substance (when addition ratio is the same). As a result,
working substance inside the pipe, upon being heated at the evaporator,
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boils and quickly changes from liquid into vapor. Therefore, heat transfer
capability is higher than CTPCT [9, 10]. According to the shape adjust-
ment, CTPCT and flat-FTPCT alters addition rate of working substance,
aspect ratio, and different heat feeding rate at evaporator. The test utilized
water as a working substance which suggested that flat-FTPCT required
a higher evaporation temperature than that of CTPCT. The highest heat
fed to the evaporator directly affected the heat flux. For each test, increased
adding rate of the working substance, aspect ratio, and heat flux also in-
creased the aspect ratio and the heat feeding rate at the evaporator section
[11]. In case of the study of performance of a small heat pipe that has
a cross-sectional adjusted for cooling of notebook personal computer, three
type of heat pipe were used in this test consisting of circular woven wire
wick, composite wick and central wick. Upon pressing, the cross-sectional
surface area is reduced by 30% (circular cross-sectional surface area) for
which the composite wick appeared to be the most effective one. As a re-
sult, the heat generated by CP notebook computers was reduced by 10%
[12]. In the study on application of a small heat pipe with a polygonal
cross-sectional modification for cooling personal computer’s CPU a small
heat pipe with triangular and square cross-sectional surfaces were used. The
length of the evaporator, heat protector, and condensation were 10, 15, and
25 mm, respectively. The results showed that, small heat pipes with trian-
gular cross-sectional provided higher heat resistance property than the pipe
with a square cross-sectional surface [13]. There were studies concerning the
effects of non-porous heat pipe with adjusted cross-sectional surface area on
working substance addition ratio that affects performance of flat-panel solar
energy collectors. The heat pipe used in the studies consisted of 3 cross-
sectional surface areas, circular, oval and semi-circle. The addition rate of
the working substances (water) used in the tests were 10%, 20%, and 30%.
The results showed that, at lower addition rates, flat-panel solar energy
collectors with the oval cross-section surface heat pipe performed better
than that of the circular cross-sectional surface pipe. Working substance
addition ratio 10% was suitable for pipe with the oval cross-sectional sur-
face area while the heat pipe with circular cross-sectional surface area per-
formed better than the addition rate of 20%. At the addition ratio 20%, the
heat pipe with semi-circle cross-sectional surface area performed worse than
other types of the pipe [14]. Upon considering the boiling and condensa-
tion of working substances, and the thermal efficiency of the flat two-phase
thermosyphon with the grooved evaporator, water performed better than
ethanol as the working substance. Furthermore, the grooved evaporator in-
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creases the surface areas for boiling which results in a much better efficiency
[15]. Rectangular two-phase closed thermosyphon was also tested for its ef-
ficiency by using water, silver nanoparticles (NP) suspension water, and
silver nanoparticles suspension water with oleic acid surfactant (NP+OA)
(as surface tension reductant) as working substances. Heat at the evapo-
rator was 20, 40, 60, 80, and 100% produced by a 2000 W heater. Results
suggested that the heat transfer capacity increases according to the heat ap-
plied to the evaporator increases. In addition, the use of silver nanoparticles
suspended water with NP+OA as the working substance provided the best
heat transfer [7]. Studies of two-phase closed thermosyphon with different
cross-sectional surface areas help to determine its advantages, benefits and
various applications. This research focused on the study of the rectangular
two-phase closed thermosyphon with the contact area for receiving and re-
leasing heat, at respective heat source and the heat receptor, that perform
better than that of the circular two-phase closed thermosyphon as shown in
Fig. 8. This helps to eliminate the heat resistance between the heat source
and the external surface of the evaporator (Z1) as well as eliminating heat
resistance between the external surface of the evaporator and heat releaser
(Z9), respectively. As a result, RTPCT has total heat resistance (Ztotal) less
than that of TPCT, as shown in Fig. 3 [7]. Adjusted cross-sectional surface
area provides appropriate site that helps to reduce the friction caused by
the two-phase flow. Furthermore, having a thin liquid film produced by
condensation at the condenser (subject to density as well) also helps the
bubbles and vapor to move quicker from the evaporator to the condenser.
This is also related to a higher heat transfer coefficient as well [9].

Two-phase flow pattern consisting of liquid and gaseous states is the
fundamental factor of the heat transfer efficiency characterized by the two-
phase closed thermosyphon and heat pipe. Each flow pattern provides dif-
ferent heat transfer capabilities. The nature of each flow pattern is charac-
terized by related variables such as cross-sectional surface area, shape of the
pipes used in the production of TPCT and HP, surface areas for heat recep-
tor and releaser, length of the pipe, test angle, working substance addition
rate, temperatures at evaporator and condenser, working substance type,
pipe inner diameter, wetted perimeter, and hydraulic radius size. These
variables are all related to the formation of two state flow patterns and the
total heat transfer [16, 17]. Flow patterns and their behaviors have been
widely studied including those concerning heat transfer characterized by
the flow of working substance in the two-phase loop thermosyphon. The
working substance used was R134a with the adjusted evaporation cham-
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ber. According to the test, and at the height of the evaporation channel,
the bubble flow was amalgamated with the slug flow. At high heat flux,
slug and churn flows were observed. Furthermore, it was evidenced that
the flow and thermal instability increased as the height of the evaporat-
ing channel decreased whereas the heat transfer coefficient was increased
when the height of the evaporating channel and heat flux increased [18].
According to a study on the circular two-phase closed thermosiphon with
the pipe diameter of 11.1 mm that used R-123 as a working substance,
addition ratio 80% of the total volume, aspect ratio 30, 10, and 5, revealed
that, at the aspect ratio 30 at the test angle of 90◦ from horizontal plane,
the maximum heat flux was equal to 20.7 kW/m2. In the upper part of the
evaporator, annular flow (AF) and churn flow (CF) were discovered whereas
at the center and bottom parts, slug flow (SF) and bubble flow (BF) were
discovered, respectively. Most of the flow patterns found at a 90◦ test angle
were annular and churn flows mixed with the slug flow. Upon adjusting
the test angle to 30◦from the horizontal plane, maximum heat flux level
discovered was 24.6 kW/m2. At the bottom of the evaporator, bubble flow
was reported whilst the middle part of the evaporator slug flow with high,
extended wave of liquid were found. On the other hand, the upper part
of the evaporator exhibited the flow that were separated in layers. Bubble
and slug flows were the main flows found at the test angles of 30◦, while at
the test angle of 5◦. The maximum heat flux level was 16.7 kW/m2. At the
bottom and center of the evaporator, slug flow with liquid wave reported.
In the upper part of the evaporator, slug flow and liquid waves that were
emitted from the lower part were found. The main flow patterns reported
were bubble flow and slug flow together with slightly expanded liquid wave.
At the aspect ratio 30 and 10, the flow’s characteristics and behavior were
mostly similar. At the aspect of 5, with the test angle of 90◦, 30◦, and 5◦,
the maximum heat fluxes were 78.6, 92.4, and 53.9 kW/m2, respectively.
Bubble flow (and bubble merging) was the main flow pattern found at the
test angle of 5◦ from the horizontal line [4]. As per the flow patterns tested
with circular two-phase closed thermosyphon, the working substances used
were water, ethanol, and HFE-7000. The internal diameter of the TPCT
was 8 mm with the evaporator length of 100 mm, the heat protector length
of 180 mm and, and the condenser length of 200 mm. Tests that used water
and ethanol as the working substance were conducted with the heat flux 7.5
and 7.0 kW/m2, respectively. The geyser boiling pattern was found to have
low vapor pressure and high vapor production rate. Slug flow and plug flow
were reported at 5.5 and 5.7 kW/m2 of heat fluxes, respectively. High va-
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por pressure and low vapor production rate were reported when tested with
17.0 kW/m2 heat flux. The churn flow was initiated at high vapor pressure,
and high vapor production rate while the surface tension was relatively
low when ethanol was used as the working substances. When HFE-7000
was used as a working substance at the heat flux of 7.8–21.5 kW/m2 pool
boiling at the evaporator was observed. Vapor bubbles production rate was
high but the bubbles were smaller than the test that used water as work-
ing substance [19, 20]. All tests using HFE-7000 as a working substance
resulted in less condensed liquid that flowed back to the evaporator. This
was a result of the low surface tension when compared to ethanol water [20].
The study of the two-phase flow pattern in the circular two-phase closed
thermosyphon as a small heat exchanger. Tested TPCT is made of glass
tubes with; inner diameter of 16 mm, total length of 290 mm, acetone as
working substances, 80% addition rate, test angle of 0, 5, 10, 15, 20, 30,
60, and 80◦ and the provided heat flux ranged 0 to 32 kW/m2. As per the
results, vapor plugs were found at all angles of the test with a heat flux be-
low 14 kW/m2 whereas a annular flow was found at a heat flux between 14
and 32 kW/m2. The wave dispersed faster as the heat flux increased [21].
As per the test that used glass circular two-phase closed thermosyphon
with graphene-acetone nanofluid at the concentration of 0.05%, 0.07%, and
0.09% as the working substance, upon applying the heat at the evaporator
of 1 W, discontinuous bubble flow was initiated. Upon increasing the heat
to 20 W, the bubble flow was observed with higher number of bubbles. At
30 W heat, churn flow pattern was found. When the heat was increased to
40 and 50 W, the flow pattern changed from churn flow to annular flow.
In addition, heat resistance was reduced to a maximum of 70.3% and the
heat transfer coefficient of the evaporator was increased to 61.25% (when
graphene-acetone nanofluid at 0.09% concentration was used). Annular flow
provided higher heat transfer coefficient compared to other flow patterns
[22]. Annular flow and churn flow were the type of flow that affected heat
transfer [4, 20, 22]. According to the test of a glass circular two-phase closed
thermosyphon with; internal diameter of 13 mm, total length of the TPCT
of 930 mm, Freon 113 as a working substance, test angles of 90◦, 80◦, 70◦,
60◦, 55◦, 45◦, 35◦, 20◦, and 5◦ from horizontal plane, annular flow was ob-
served along the vertical or at a position near such vertical. In case of the
flows that were separated in layers, dry out occurred at the top surface of
the pipe. Dry out is an efficiency limitation on the inclined TPCT. Dry out
is not a character of the annular flow. Heat transfer rate of the annular
flow is very different from the other flow types that has dry out [23]. Ac-
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cording to a study on the flow of working substance and factors affecting
the heat transfer mechanism of U-shaped thermosyphon, three flow pat-
terns were found, slug flow, annular flow, and oscillation of a liquid mass.
The slug flow and annular flow, compared to the oscillation of liquid mass,
carries a better heat transfer. Main factors affecting the efficiency of the
U-shaped thermosyphon are the substance addition rate and the working
substance. U-shaped thermosyphon which uses R134a as a working sub-
stance has a better performance than the one that uses R113 as a working
substance. This was due to R134a’s lower boiling point than that of R113
[24]. There was a study on the flow of ethanol mixed with nanoparticle
of silver powder, and ethanol as the working substances. The pipe used
in this study was circular oscillating heat pipe equipped with a reversing
valve made of glass pipes with a circular cross-sectional surface area with
the internal diameter of 2.4 mm. Results revealed that at; evaporator tem-
perature of 125 ◦C, test angle of 90◦, the highest heat flux reported was
2.04 and 1.31 kW/m2 when used ethanol mixed with nanoparticle of silver
powder, and ethanol as working substances, respectively. The main flow
patterns found in both test cases were dispersed bubble flow which showed
small bubbles in the lower part of the evaporator. The bubble extended
to the bottom of the evaporator before moving to the condensation sec-
tion [25]. Flow patterns can also be used to signify the system stability.
Flow instabilities in a horizontal thermosyphon reboiler loop was studied
which uses water as a process liquid and steam as a heat transfer. Ac-
cording to the result, the liquid flow rate was an important factor that led
to system instability. Once the system was stabilized, the heat flux was
higher than 20 kW/m2. A stable system normally show heat flux between
11–20 kW/m2. Flow pattern within the system affected the liquid flow rate
as different flow patterns results in different speeds and properties. Most of
the flow patterns were of basic flow patterns for which annular flow gave
a high quality of heat flux and flow rate. The heat fluxes were reducing,
in successive order, from annular flow, churn flow, slug flow, and bubble
flow [26]. Two-phase closed thermosyphon that was equipped with glass
tubes, and ethanol as a working substance showed a working cycle that
started when the evaporator was being heated, the working fluid in the
liquid state began to boil. Once generated, the steam passed through the
adiabatic part to the condenser and condensed at the upper part of the
TPCT before flowing back to the evaporator as a liquid substance again.
At the same time, the vaporization from the evaporator started to condense
again [22, 27, 28]. Two-phase flow patterns within the circular oscillating
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heat pipe made of glass with a diameter of 2 mm was also studied. The test
position was horizontal with the length of evaporator, adiabatic, and con-
denser at 50 mm per each section. Water and ethanol were used as working
substances and the heat supplied to the evaporators was at 80, 90, 100,
and 110 ◦C. Results showed that the flow was divided into two main parts
including oscillation of the slug flow, and the one that remained immobile.
The cooling efficiency was improved when 10 turns of closed-loop oscil-
lating heat pipe which created small vapor bubbles. Oscillation flow was
maintained for quite a long time at 50% addition rate with the lowest heat
resistance reported with water and ethanol as the working substances. The
heat supplied to the evaporator was at 100 ◦C which showed the lowest heat
resistance when using water as the working substance [29]. A study on the
flow pattern and heat transfer of the circular cross-sectional surface area
pipes with inner diameter of 4.26 mm and 2.01 mm, 6 flow patterns were
reported consisting of dispersed bubble flow, bubble flow, slug flow, churn
flow, annular flow, and mist flow respectively. Changes of internal diameter
from 4.26 to 2.01 mm affected the flow pattern which was changed from
the slug flow to churn flow and annular flow. Heat transfer was facilitated
by two-phase flow in the pipe for which the heat transfer coefficient was
a function of the heat flux and the system pressure but was not subject
to quality of the vapor and mass of the flux. According to the test with
a pipe with an internal diameter of 4.26 mm, the vapor quality was less
than 40–50% whilst the heat transfer coefficient increased in response to
the heat flow rate and the system pressure but was not affected by the
vapor quality. Thus, within this range, the dominant vapor was nucleate
boiling. For pipes with an inner diameter of 2.01 mm, the vapor quality of
less than 20–30% was discovered [30]. Fluctuated heat transfer within the
two-phase closed thermosyphons which used water, ethanol, and acetone as
working substance and as observed from the test, changes in heat transfer
is strongly related to vapor bubble behavior and physical properties. The
low working pressure led to instability of the heat transfer. In the two-phase
closed systems, temperature variations and the heat transfer coefficient of
the evaporator were mainly caused by the behavior of the bubbles [31].

According to the study of flow patterns and behavior within TPCT and
HP, the cross-sectional surface area or different shape of the pipe were im-
portant variables that affected the boiling of the working substance in the
evaporator, the formation of the flow pattern, the proportion of the flow
pattern occurrence, the behavior of the flow patterns, and the speed of each
flow type. All of these factors were related to the heat transfer efficiency
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of the two-phase closed thermosyphon. Thus, rectangular two-phase closed
thermosyphon (RTPCT) is difference from TPCT as previously described.
Previous studies on TPCT lacked information regarding RTPCT which
gave rise to the study concept of this research. Benefits of the study will
include understanding on the nature of the cross-sectional surface area or
the shape of the thermosyphon with rectangle cross-sectional surface area.
Moreover, evaporator temperature and the aspect ratios that influence the
two-phase flow behavior and the heat transfer characteristics of RTPCT,
together with the data obtained from this study, can also be used to de-
scribe the characteristics of the heat transfer. This also provide the basic
information for RTPCT designing that would provide a higher efficiency in
the future.

2 Theoretical consideration

2.1 Different cross-sectional geometry characteristics

Rectangular two-phase closed thermosyphon is characterized by the exter-
nal contact of the circular two-phase closed thermosyphon, which include
the cross-sectional surface area, wetted perimeter, and hydraulic radius. In
the case of different geometry cross-sectional thermosyphon (DGCST) this
is showed as shown in Fig. 2. Upon considering the heat transfer capac-
ity, this would be depending on heat resistance of the TPCT/RTPCT that
formed in the evaporator, heat protector, condenser [10, 32].

The cross-sectional surface area can be calculated by

A = πY 2

4 + (XY ). (1)

The wetted perimeter can be calculated by

Wperimeter = πY + 2X . (2)

The hydraulic radius can be obtained from the equation

Rh = (π/4)Y 2 + (XY )
πY + 2X (3)

is meaning 4Rh = Di. The aspect ratio can be obtained from the relation
Le

Di
= Le

4Rh
, (4)

where Le denotes the evaporator length. The shape characteristics of RT-
PCT can be found from Eqs. (1)–(4) which have been reported by [10, 32].
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Figure 2: The shape and characteristics of TPCT and RTPCT.

2.2 Heat transfer characteristics

The heat transfer efficiency of TPCT (QTheoretical) can be calculated from
the proportion of temperature difference between evaporator and condenser
(∆T ) whereas total heat resistance (ZTotal) can be obtained from Eqs. (5)
and (6) [2]

QTheoretical = ∆T
ZTotal

(5)

(∆T ) can be calculated by

∆T = (Th, in − Tc, out)− (Th, out − Tc, in)

ln (Th, in − Tc, out)
(Th, out − Tc, in)

. (6)

ZTotal is the total heat resistance shown in the thermal model by Engineer-
ing Sciences Data Unit Item No. 80023, ESDU 81038 [33] which consists of
the heat resistance from 3 parts, as shown in Fig. 3, as follows:
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• The first part is the external resistance, Z1 and Z9 that represent the
resistance from the external convection of the pipe.

• The second part is the resistance from material property, Z2 and Z8
represent the resistance from the thermal conductivity of the material.

Figure 3: The total heat resistance model of TPCT and RTPCT [7].



The rectangular two-phase closed thermosyphon: A case study. . . 235

• The third part is the internal resistance Z3, Z4, Z5, Z6, Z7, and Z10
that represent the internal resistance due to the working fluid of pool
and film boiling.

As surface area of the RTPCT is different from that of TPCT as shown
in Fig. 8, external heat resistance Z1 and Z9 at the evaporator and the
condenser section can be eliminated. The total heat resistance model of
TPCT and RTPCT are shown in Fig. 3.

3 Test equipment installation and analysis

3.1 Test set installation and testing

Figure 4 shows the installation diagram of the test set and the testing.
Rectangular two-phase closed thermosyphon is set by removing air using
a vacuum pump, to create a vacuum environment, before an addition of
a working substance as shown in Fig. 4a. The variables used in the test
consisted of: RTPCT with length of X and Y equal of 25.2 mm, aspect
ratio 5 and 20, water as a working substance, addition rate of working
substance at 50% of volume of evaporator, inlet temperature at condenser
20 ◦C, mass flow rate of inlet condenser at 0.25 l/min, test angle of 90◦ to
the horizon plane, and evaporator temperatures of 50, 70, and 90 ◦C, as
show in Tab. 1.

Table 1: Controlled and variable parameters.

Independent variable – evaporator temperature at 50, 70, and 90 ◦C, (Te)
– aspect ratios equal to 5 and 20. (AR)

Dependent variables – effect of aspect ratio and the evaporator temperature to the flow pat-
terns two-phase closed rectangular cross section area thermosyphon.

– effect of aspect ratio and the evaporator temperature to heat trans-
fer rate and heat flux two-phase closed rectangular cross section
area thermosyphon.

Control variables – distance of sides X and Y were 25.2 mm (X, Y)
– working fluids; de-ionized water
– inclination angle equal 90◦ (AI)
– temperature of water in the condenser section equal 20 ◦C (Tc)
– mass flow rate of feed water equal to 0.25 l/min
– filling ratio equal to 50% with respect to evaporator section

As for the test, as shown in Fig. 4b, hot water from the hot water bath
was drawn into the evaporator. Evaporator temperature was controlled by
a temperature control unit. Cold water flowed from the cold water basin
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Figure 4: Test installation diagram and testing.



The rectangular two-phase closed thermosyphon: A case study. . . 237

through the mass flow meter into the condensation section. When the test
system reached equilibrium, recorded a video at the evaporator section.
At the same time, measured the temperature at 9 different parts using
the K-type thermocouple with ±1.5 ◦C deviation. The temperatures were
recorded with data logger (Yokogawa DX200) with 1 ◦C deviation. The
flow meter used was Disco-BBBW1B98 with ±5% accuracy. Temperature
measurement points consisting of: hot water at evaporator, hot water tem-
perature at hot water tub, temperature control unit, data logger, 2 points
at adiabatic section, environment temperature, inlet water to condenser,
outlet water from condenser, and cold water basin. Outlet water’s temper-
ature at the condenser can be used to calculate heat transfer rates, which
can be found from Eq. (1).

3.2 Analysis of heat transfer rates and flow patterns

The heat transfer in RTPCT begins when the working substance contained
within the evaporator is heated through the pipe wall. The working sub-
stance is changed from liquid to a vaporous form, passing through the heat
protector before reaching the condenser which is lower in temperature. The
heat is transferred to heat receptor substance, which in this case uses water.
The heat transfer can be calculated from [34]

Q = ṁCp(Tco − Tci) , (7)

when Q is the heat transfer rate, ṁ is the mass flow rate of water, Cp is the
specific heat capacity of the water, Tco is the water outlet temperature of
the condensation section is the water inlet temperature of the condenser.

Mass flow rate can be obtained from

ṁ = ρvA , (8)

when ρ is the density of water, v is the speed of water, A is the cross-
sectional surface area of the water flow.

Heat flux can be obtained from

q = Q

Ac
= Q

πDoLcN
, (9)

where Do is the pipe’s outside diameter, Ac is the external surface area of
the condenser of the pipe, Lc is the length of the condenser of the pipe, N
is the number of RTPCT or TPCT of the condenser.
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Flow pattern within RTPCT is continuously recorded as video frames
for which the recorded information is presented as projecting images or
still images at a rate of 60 fps (frames per second). The percentage of the
flow pattern, can be calculated from the area (width × length) of each flow
pattern and the percentage of the flow pattern is based on an average of
the 3 cycles that are recorded continuously with the video cameras.

The percentage of each flow occurrence can be calculated from the equa-
tion

(%) Each flow pattern = Number of grid for each flow pattern
Total grid ×100 . (10)

Number of grid refers to hypothetical grid number that helps estimate the
length, position or work area of projected images or still images. The grid
is a square with equal spacing of each box.

3.3 Uncertainty analysis

Measurements of uncertainty, the calculations are divided into two types.
Type A is the uncertainty due to a random source that has been statistically
evaluated which can be calculated from the following equation. When x
denotes arithmetic mean and SD is standard deviation:

x = x1 + x2 + x3 + . . .+ xn

ns
, (11)

SD =

√
(x1 − x)2 + (x2 − x)2 + (x3 − x)2 + . . .+ (xn − x)2

ns − 1 , (12)

ui, type A = SD
√
ns
, (13)

where n is the number of measurements in the experiment.
Type B is the uncertainty due to system errors which can be calculated

from the following equation:

ui, type B = a√
3
, (14)

where a is the semi-range (or half-width) between the upper and lower
limits.
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Combined standard uncertainty, i.e., the sum of uncertainty types A and
B can be calculated from the following equation:

uc =
√

(ui, type A)2 + (ui, type B)2 + . . . . (15)

Expanded uncertainty can be calculated from the following equation:

U = kuc . (16)

When k = 2 is correct, if the combined standard uncertainty in normally
distributed results in the level of confidence of approximately 95% [35, 36].

For other coverage factors (normal distribution):
k = 1, for the confidence level of approximately 68%;
k = 2.5, for the confidence level of 99%;
k = 3 for the confidence level of 99.7%.

The results of uncertainty analysis of this study are displayed in Tab. 2.

Table 2: Uncertainty analysis result.
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A Uncertainty of mean
reading (◦C) – 95 2 0.00229 1 0.00229

0.53073 1.06146B Thermocouple
type K (◦C) −200−1, 372 95 2 0.86602 0.99817 0.86443

B Data logger (◦C) −200−1, 100 95 2 0.57735 0.99846 0.57646
B Flow meter (kg/s) 0.167–0.3 95 2 0.02886 0.39975 0.01153

4 Results and discussion

Flow pattern in RTPCT focused on the case study for which the aspect ratio
and evaporator temperature affect the internal flow pattern of RTPCT.

4.1 Behavior of flow patterns within RTPCT

The flow behavior, as shown in Fig. 5, is based on the specific analysis
of the flow patterns within the evaporator of the RTPCT. The process
starting from the heat source that provides the heat to the evaporator’s
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pipe surface which gradually rise in temperature before the heat is passed
through from the pipe wall to the working substance. When the working
substance receives more heat accumulation, its viscosity and density de-
creases. As temperature inside the evaporator increases, differences in pipe
surface temperature and temperature of the working substances become
greater as well. The working substance (liquid state) starts to boil changes
into vapor and forms bubbles. At the same time, fluid movement also occurs
within the evaporator of the RTPCT [37, 38]. This results in small vapor
bubble boiling that also present velocity and pressure energy. Such increase
in velocity and pressure of the bubble flow pattern, combined with the in-

Figure 5: The two-phase flow pattern within RTPCT with the length of the X and Y of
25.2 millimeters, the test angle of 90◦, for (A) with the aspect ratio of 20 and
(B) with the aspect ratio of 5.
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crease in the number of vapor bubbles, resulting in collision and merging
of bubbles. Thus, the vapor bubble become larger in size which resemble
a bullet which is also known as a slug flow [39]. With higher speed and
pressure, bullet-like vapor bubbles begin to distort and break apart which
leads to instability. In certain case, forepart of bullet bubbles collide with
one another which change the flow pattern from slug to churn flow. At very
high vapor velocity, an empty space in the middle of the pipe is formed
for which gaseous substance will flow in the middle of the pipe while the
liquid film substance stays on the pipe surface. This type of flow is called
the annular flow [40]. The two-phase flow pattern as above described can
be found in the test with RTPCT with the X and Y length of 25.2 mm,
aspect ratio of 5 and 20, test angle of 90◦ against the horizontal plane as
shown in Fig. 5. The behavior and the two-phase flow patterns inside the
RTPCT will move upward to the condenser. When the working substance
condenses and changes from vapor to liquid, the working substances be-
comes heavier and moves downward due to the earth gravity of the earth.
Once the liquid working substance reaches the evaporator, it will be heated
and the working cycle is repeated [38, 41].

4.2 Effects of the aspect ratio and evaporator temperature
on the two-phase flow patterns

As per a study of the aspect ratio of 20, evaporation temperature of 50,
70, and 90 ◦C of RTPCT with the length of the X and Y sides of 25.2 mm,
test angle of 90◦, and water working substance, the results, as shown in
Tab. 3(A), showed that at evaporation temperature 50 ◦C, the flow pattern
was not discovered within RTPCT. At evaporator temperature of 50 ◦C,
the heat from the heat source that was passed through the hot jacket and
transfer heat to evaporator’s pipe wall of RTCT and on to working sub-
stance was insufficient to overcome the molecular force between the work-
ing substance and the particles that make up the pipe’s wall. Similarly, the
evaporation temperature of 50 ◦C was insufficient to instigate the latent
heat of vaporization in the working substance to boil. Thus, the two-phase
flow was not found at this temperature. Upon increasing the temperature
to 70 and 90 ◦C, 4 types of flow patterns were reported including: bubble
flow (BF), slug flow (SF), churn flow (CF), and annular flow (AF), respec-
tively. Increasing evaporation temperature resulting in lower viscosity and
density of the liquid working substance, then the working substance will
start to boil and evaporate. This gives rise to a two-phase flow pattern con-
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sisting of the gas and liquid flow states [23, 25, 30]. As per the evaporator
temperature of 70 and 90 ◦C, as shown in Tab. 3(A), formation of bubble
flow were accounted for 0.78% and 0.52% flow patterns respectively. For-
mation of slug flow were accounted for 12.17% and 11.73% of flow patterns
at the same temperatures whereas churn flow were accounted for 13.69%
and 15.96% repetitively. Annular flow formation were accounted for 25.52
and 32.12 at these temperatures, respectively.

Upon testing the aspect ratio 5, evaporation temperature of 50, 70, and
90 ◦C of RTPCT with the length of X and Y of 25.2 mm, test angle of
90◦, and water as a working substance, test results as shown in Tab. 3(B),
revealed that at the evaporator temperature of 50 ◦C, flow pattern within
RTPCT was not detected. The results were similar to those of the as-
pect ratio of 20 as described earlier and Tab. 3(A). Upon testing with the
evaporator temperature of 70 and 90 ◦C, three distinct flow patterns are
observed, consisting of bubble flow, slug flow and churn flow. At evapo-
ration temperature of 70 and 90 ◦C, accumulated heat was sufficient to
vaporize the working substance. As the temperature of the evaporator also
increased, the viscosity and density of the working substance in the liquid
state decreased which led to vaporization of the working substance [41, 42].
Upon applying the evaporation temperature of 70 and 90 ◦C, as shown in
Tab. 3(B), bubble flow formation were accounted for 4.07% and 6.32% of
flow patterns whilst slug flow formed 5.17% and 7.40% of flow patterns,
and churn flow were accounted for 13.24% and 17.34% of the flow pattern
respectively. As the aspect ratio 5 has a short evaporator length, the flow
distance and flow patterns change were directly affected. Therefore it was
observable that, at the aspect ratio 5, three flow patterns were found in-
cluding: bubble flow, slug flow, and churn flow. However, annular flow were
not formed at aspect ratio 5. Flow pattern within RTPCT with the lengths
of the X and Y of 25.2 mm, when tested with aspect ratio of 20, were annu-
lar and churn flow patterns. These were the main forms of the flow pattern
found more often than the other types. When tested against aspect ratio
5, churn and slug flow patterns were found more frequently than other flow
types.

These two-phase flow patterns float through the heat shield to transfer
heat to component with lower temperature before condensing at the con-
densation section. After the condensation, the working substance changes
its status from vapor to liquid, resulting in heavier weight of the substance,
thus, adheres to the side of the pipe and move along back to the evaporator.
The moving was subjected to gravity of the earth [43, 44].
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4.3 Relationship of flow patterns, velocity, and heat flux

Figure 6 shows the relationship between flow patterns, velocity, and heat
flux of RTPCT with the lengths of the X and Y of 25.2 mm, the aspect
ratio 5 and 20, test angle of 90◦, with water as working substance. The
results showed that the flow pattern has changed from one flow pattern
to another which directly affected the flow velocity and heat flux of each
flow pattern. The heat flux has an upward trend and direction along with
the change in flow pattern of each type of the flow. This, involved grad-
ual increase of temperature of the pipe surface by heating the evaporator.
Rising temperature of the pipe surface eventually surpassed the saturation
temperature of the working substance. Heat transfer from the pipe wall to
the working substance resulted in lower density and viscosity of the work-
ing substance. Then, the working substances reached the boiling point and
began to produce bubbles and caused the fluid movement.

Figure 6: The relationship of flow patterns, velocity and heat flux of RTPCT with the
lengths of the X and Y of 25.2 mm, the aspect ratio 5 and 20.

Flowing bubbles accumulated energy as velocity and pressure along the
length of its flow. Bubble flow’s increasing velocity resulted in merging of
bubbles and increase in size of the bubble resembling the shape of a bullet,
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thus, it is also known as the slug flow. At high speed and increased pressure,
the bubble distorted and broke away causing instability. In some cases, the
head of the bullet-like bubbles collided which changed the flow pattern from
slug to churn flow pattern [39]. Very high bubble velocity creates hollow in
the middle of the pipe where gas flows and liquid working substance film
flow on the surface of the pipe. This type of flow is called annular flow
[40]. When tested, aspect ratios of 20 gave rise to 4 flow patterns which
were, bubble flow, slug flow, churn flow, and annular flow, respectively. For
aspect ratio 5, 3 flow patterns were discovered which consisted of bubble
flow, slug flow and churn flow, respectively. As aspect ratio 5 has a short
evaporator length, distance of the flow pattern in the evaporator was also
short as well. As a result, churn flow was not changed to annular flow, thus,
three forms of flow patterns were observed. Due to short evaporator length,
the moving distance from the evaporator to the condenser was relatively
fast and short. Therefore, the two-phase flow patterns with the aspect ratio
5 showed a faster flow velocity and higher heat flux than those of the aspect
ratio 20 as shown in Fig. 6. Upon comparing velocity and flow behaviors
obtained from the tests of RTPCT with the length of the X and Y of
25.2 mm, aspect ratio of the 20 and TPCT with a diameter of 25.2 mm
and aspect ratio 20 [45], results are shown in Fig. 6. According to the test
results, under the same conditions, slug and churn flows that were tested
by TPCT had lower flow velocity than that of the tests obtained from
RTPCT. This was due to larger cross-sectional surface area of RTPCT
when compared to TPCT. Furthermore, contact area was also larger in
RTPCT as shown in Fig. 9. As a result, a wetted perimeter between the
working substance and the inner pipe surface of the RTPCT was greater
than that of TPCT. Therefore, when the evaporator of the RTPCT was
heated, its working substance was heated quicker and the following flow
patterns were continuous and consistent. This also including a vigorous
boiling of the work substances as shown in Fig. 7.

RTPCT was built with equal structure and sizes of all three parts – evap-
orator section, adiabatic section, and condenser section, thus, bubble flow
was able to combine and change to other flow pattern rather quickly. Thus,
thickness of the liquid film created by the condensation was distributed
evenly and throughout the area of the condenser. Such liquid film in the
condensation is thin and helps to reduce friction of the movements from the
two-phase flow [9]. Therefore, slug and churn flows of RTPCT were moving
at higher velocity than the same flow patterns that occurred within the
TPCT, as shown in Fig. 6.
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Figure 7: Behavior comparisons between RTPCT with the length of the X and Y of
25.2 mm and TPCT with a diameter of 25.2 mm at the aspect ratio of 20.

4.4 Effects of evaporator temperature and aspect ratio that
influence the heat flux

Figure 8 shows a relationship between the evaporator temperature and the
aspect ratio that affect the heat flux of RTPCT with the length of X and
Y of 25.2 mm, aspect ratio 5 and 20. The figure also shows that when the
evaporator temperature rises, the heat flux or heat transfer per unit area
also becomes higher. This is due to specific heat capacity of the working
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substance that increases in accordance with the evaporator’s temperature,
including a higher heat transfer coefficient that occurred within the RT-
PCT. As per the result, RTPCT with a length of X and Y of 25.2 mm,
aspect ratio of 5, and the average heat flux that were higher than all other
test cases. Average heat flux throughout the test was 1.51 kW/m2. The
aspect ratio 20 provided the average heat flux of 0.74 kW/m2, which in
generally, the aspect ratio of (Le/4Rh, Le/Di) is regulated by evaporator
length. Therefore, the changing aspect ratio also affected the evaporation
length of RTPCT as well. Furthermore, addition ratio of the working sub-
stance also changed according to the volume ratio of the evaporator. The
aspect ratio 5 has a short evaporator length which can be calculated from
the equation of the aspect ratio as shown in Fig. 8. Thus, this was another
reason that caused the vapor bubbles to briefly and rapidly ascended to the
condenser to release the heat before flowing to the evaporator to absorb the
heat again.

Figure 8: The relationship between evaporation temperature and the aspect ratio that
affects the heat flux of RTPCT with X and Y lengths of 25.2 mm, and aspect
ratio of 5 and 20.
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The heat flux as obtained from the test of RTPCT with the lengths of
X and Y of 25.2 mm and the aspect ratio 5 and 20, compared with that
of TPCT with a diameter of 25.2 mm and the aspect ratio 5 and 20 [45]
can be illustrated as per Fig. 8. According to the results, average heat flux
throughout the test obtained from RTPCT was higher than the average
heat flux obtained from every test using TPCT under the same test condi-
tions. This was due to the nature of the contact area of RTPCT as shown
in Fig. 9. This partially helped to eliminate heat resistance between the

Figure 9: The surface area of RTPCT and TPCT [7].
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heat source and the external surface of the evaporator, and heat resistance
between external surface of the condenser and heat releaser Z1 and Z9 re-
spectively. From the test found that The average heat flux throughout the
test received from RTPCT is higher than the heat flux. As a result, the to-
tal heat resistance of RTPCT was lower than that of TPCT, which helped
to improve the boiling of the working substance [7] as shown in Fig. 3. This
also resulted in higher average heat flux throughout the test, as obtained
from RTPCT, when compared to the average heat flux obtained from the
test with TPCT under the same test conditions as shown in Fig. 8.

5 Summary

Testing of RTPCT with aspect ratio 5, test angle of 90◦, using water as
working substance at evaporation temperatures of 70 and 90 ◦C produced
3 flow patterns; bubble flow, slug flow, and churn flow respectively. Slug
flow and churn flow are the main flow patterns that can affect the heat
flux.

Testing of RTPCT with the aspect ratio 20, test angle of 90◦, using
water as working substance, at evaporation temperatures of 70 and 90 ◦C
revealed four flow patterns consisting of bubble flow, slug flow, churn flow,
and annular flow respectively. Churn flow and annular flow are the main
types of flow that can affect the heat flux.

Upon comparing behavioral differences and flow patterns that were al-
tered by aspect ratios and evaporating temperatures, where water was used
as working substance, such altered aspect ratios and evaporating temper-
atures were found to have direct effects on the occurrence and behavior of
the two-phase flow patterns. Bubble flow, slug flow, and churn flow were
the basic flow patterns associated with the test with aspect ratio 5 and 20,
respectively. Annular flow was only found when tested with the aspect ratio
of 20 and different evaporator length that were regulated by the difference
of such aspect ratios. Therefore, the aspect ratio 20 was determined to have
sufficient length of the evaporator that can transform the flow pattern from
churn flow to annular flow.

Rising evaporator temperature resulted in higher heat flux or heat trans-
fer per unit area. The highest heat flux was found at the evaporator tem-
perature of 90 ◦C when tested with RTPCT at the aspect ratio 5 and 20.
The highest obtained heat fluxes were 2.60 and 1.52 kW/m2 for 5 and 20
aspect ratio respectively.
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Changes of geometric cross-sectional surface area of the TPCT is con-
trolled by an inner diameter of 25.2 mm when changed to the wetted perime-
ter. This is the controlled characteristic of the RTPCT with the length of
the X and Y of 25.2 mm. The RTPCT’s rectangular cross-section surface
area provides greater contact area, when compared to TPCT, to receive
and release the heat. This also helps to eliminates heat resistance between
the heat source and the external surface of the evaporator (Z1) as well as
eliminating heat resistance between the external surface of the condenser
and the heat releaser (Z9), respectively. Therefore, RTPCT has less total
heat resistance (Ztotal) than TPCT. In addition, RTPCT permits the liquid
film from the condenser to distribute its thickness evenly and throughout.
As RTPCT’s condensation area is greater than that of the TPCT, thinner
liquid film in the condenser section can be formed.
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