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This study aimed to investigate the application of a Heart Shaped Glass Spoon Loop
Oscillating Heat Pipe (HSGS/LOHP) made of a glass tube. The results showed that
HSGS/LOHP can be practically used for stirring hot coffee in a cup. At the working
substance filling rates of 80 and 60%, slug and annular flows of the working substance
pattern were found while at 40% only the slug flow was found. The maximum mean lengths
of the slug and annular flows of the working substance were 0.0259 and 0.00443 m which
occurred at the working substance filling rate of 80% at the evaporator temperatures of
40°C, the average velocity was the highest for every working substance filling rate at the
evaporator temperatures 70<C. The slug and annular flow patterns had maximum speeds
of 0.00171 and 0.00111 m/s when tested at the 40% and 60% working substance filling
rates, respectively. The working substance at the evaporator temperature of 40°C and the
filling rate of 80% had the highest buoyancy force and moment of inertia of 4.90 £0.25

KN and 901.77 +45.08 Tm? kg, respectively.

1. INTRODUCTION

Upon considering heat transfer or heat exchange processes,
Oscillating Heat Pipe (OHP) often attracts considerable
attention. OHP is generally available in 3 forms, Close End
Oscillating Heat Pipe (CEOHP), Close Loop Oscillating Heat
Pipe (CLOHP), and Close Loop Oscillating Heat Pipe with
Check Valve (CLOHP/CV) as shown in Figure 1.

All three types of OHPs consist of 3 parts: the evaporator
section, the adiabatic section, and the condenser section. The
tube is vacuumed and filled with the working substance which
alternates between liquid slugs and vapor bubbles which is
also known as slug trains. The working principle of OHP is
based on the latent heat of vaporization of the working
substance inside the pipe. When the OHP’s evaporator is
heated by a heat source, the working substance boils,
transforms from a liquid slug to a vapor bubble and moves
within the tube in an oscillating pattern. The vapor bubbles
will move the heat from the evaporator section through the
adiabatic section to the condenser section before releasing it
through the pipe’s surface to the heat sink. The vapor bubbles
of the working substance then condense and flows along the
tube’s wall back to the evaporator section due to Earth's
gravity. The continuous cycle is subsequently initiated
repeatedly [1, 2]. Heat pipes are widely used due to their
thermal efficiency of heat transfer, even at minimal
temperature difference between the evaporator section and
condenser section [3]. OHP usage and improvement of its
thermal efficiency has received continuous development,
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including the application of CLOHP/CV to increase the
efficiency of air conditioning system. According to the tests,
the cooling loads were increased by 3.6% after applying the
highest values at 14.9% for COP and 17.6% for EER. The
results of this study were anticipated to provide an approach to
improving the efficiency of indoor air conditioning systems
which helps to reduce energy waste [4]. When using
CLOHP/CV in combination with a circular tube solar collector
system, the CLOHP/CV could increase the system efficiency
by 76%. Thus, it is ideal for winter applications [5]. The
application of CLOHP/CV in drying process could reduce an
average of 28.13% of energy consumption, when compared
with the conventional hot air dryers [6]. For low temperature
areas, using OHP with a solar collector system helps to
increase the temperature of the hot water in the system.
Furthermore, the inclination angle also affects thermal
properties of a solar collector [7]. Oscillating heat pipe heat
exchanger has also been used as a heat recovery device in an
air conditioning system to enhance humidity reduction
capacity of the evaporator coil. Using methanol, binary, and
water as working substances, the efficiencies were enhanced
by 25%, 21%, and 17%, respectively. By using the same
working substances, the total energy savings were 1,932 W,
1,849 W and 1,645 W, respectively [8]. Additional
applications such as using 0.5 wt% silver nanoparticles mixed
with ethanol as working substance showed that the silver
nanoparticles in ethanol produce a good contact angle,
reducing wetting capacity, thereby, increasing thermal
behavior [9]. To determine thermal efficiency of the
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oscillating heat pipes (PHP), two active substances, ethanol
and acetone, were mixed with ratios 6:1, 3:1, 1:1, 1:3 and 1:6
and filling ratios of 30%, 50% and 70. % by volume were used
as working substances. The evaporator was heated by a 10-50
W power source while cooling at the condenser was done
using cooled air. Results revealed that working substances
were key factors for the thermal efficiency of PHP. Increasing
acetone content in the active substance raised PHP’s thermal
dissipation. On the other hand, thermal resistance was
decreased when input thermal power increased. The best
efficiency was achieved by using; a 1:6 volumetric ratio of
ethanol and acetone, a 50% filling ratio, and a 90 inclination
angle [10]. In addition, more studies were conducted to
improve the heat transfer rate of the heat pipes by using an
external magnetic field to strengthen the heat transfer of the
heat pipe. Results showed that, under the influence of various
external magnetic fields, heat pipe with nano-magnetic fluid
as a working substance provided a better heat transfer than the
heat pipe which used water as a working substance. The best
heat transfer rate could be achieved with the highest
adjustment rate of 19.2% [11]. Further development including
shape and structural modifications of OHP enhance greater
applications ability. Such developments encompassed the
study of two-phase flow patterns within the Helical Oscillating
Heat Pipe [12]. This included the study of the effect of Internal
Diameter and Working substances on Thermal Performance of
a Vertical Closed-Loop Oscillating Heat Pipe with Double
Heat Sources [13] and a study of the thermal characteristics of
Three-Dimensional Coil Type Pulsating Heat Pipe at different
heating modes [14].

OHP has been studied in previous research to; increase its
thermal efficiency and use to variety of applications. However,
OHP’s application in household utensils received very little
attention. Therefore, this research was conducted to ascertain
the possibility of designing and producing a hot coffee stirrer
that can be used in daily life, based on working principles of
the Loop Oscillating Heat Pipe (LOHP). Such application
combines the knowledge of heat pipes, heat transfer, dual-state
flow, and product design. Results showed that the heart-
shaped glass spoons with HSGS/LOHP can be practically used
in daily life like a common coffee spoon. Main attraction of
the heart-shaped spoon made from HSGS/LOHP is an
observable dual-state flow pattern which moves through the
condensation portion of a glass spoon. Such distinctive design
symbolizes health-conscious perceptions of coffee drinkers
who observe the dual-state flow pattern in the heart-shaped
condensation part of the spoon. In addition, the findings can
be commercialized to create products with higher market
values.
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Figure 1. Three types of Oscillating Heat Pipes (OHPs) (a)
CEOHP, (b) CLOHP, and (c) CLOHP/CV
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2. THE EXPERIMENTAL
ANALYSIS

APPARATUS  AND

2.1 Method

An important factor to consider when designing and
building an HSGS/LOHP is the inner diameter of the pipe.
HSGS/LOHP was designed and made, in reference to working
principles of the Oscillating Heat Pipe (OHP), by using a small
glass tube with an internal diameter (ID) of 3.4 mm and
thickness (t) of 0.8 mm. The design resembled an actual coffee
spoon. Further details of the spoon are shown in Figure 2 (A)
and (B). OHP’s inner diameter clearly distinguishes it from the
conventional heat pipe as the oscillating working substance
occurs along the axial direction of the pipe. Thus, the inner
diameter of the pipe determines the occurrence of vapor and
liquid mass [3]. For this research, the maximum inner diameter
of HSGS/LOHP was determined from equation (1) [9, 15].
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where, dimax is the maximum internal diameter of the capillary
tube (m), o is the surface tension of the working substance
(N/m), pi is the density of the working substance in its liquid
state (kg/m?), g is the acceleration due to gravity (m/s?).
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Figure 2. Details and design of a Heart Shaped Glass Spoon
Loop Oscillating Heat Pipe (HSGS/LOHP)

2.2 The equipment, instrument setup and HSGS/LOHP

Figure 3 shows schematic diagram of the equipment and
instrument setup. The controlled and variable parameters



shown in Table 1. The process began with constructing
HSGS/LOHP made from a glass tube with the inner diameter
of 3.4 mm which resembles the shape and size of a common
teaspoon as per Figures 2(a) and 2 (b). The tube was vacuumed
using a vacuum pump connected to the working substance
filling as shown in Figure 3(a). After vacuuming, the
HSGS/LOHP was filled with the working substance which
alternated between Vapor Slug and Liquid Slug, which is also
known as Slug train as illustrated in Figure 3(b). The
instrument setup and test procedure are shown in Figure 3(c).
HSGS/LOHP received hot coffee acted as the heat source for
the HSGS/LOHP’s evaporator. The parameter in this study
consisted of temperature at the evaporator section (hot coffee
in a cup) were 70, 60, 50, and 40 <C, the working fluids were
deionized water mixed with food coloring at a concentration
of 1% by volume, the filling rates were 80, 60, and 40% of the
evaporator section volume. The condenser section in this test
was a natural cooling characteristic of the heart-shaped part.
Test was done at the ambient temperature of 25°C and
inclination angle used was 45<as show in Figure 3(c).

Table 1. Controlled and variable parameters

Details

- Temperatures at the evaporator section (hot
coffee in a cup) were 70, 60, 50, and 40°C

- Working substance filling rates were 80, 60,
and 40% of the evaporation volume (Fr).

Conditions

Independent
variables

- Behaviors and flow pattern at the
HSGS/LOHP’ s condenser

- Effect of filling ratio and evaporator’s
temperature on the flow pattern within the
HSGS/LOHP’s condenser section

- Effects of evaporator section temperature on
buoyancy and moment of inertia of the flow
pattern within the condenser of HSGS/LOHP

- Effects of the evaporator temperature on
Reynolds Number (Re) and Heat Flux in the

condenser section of HSGS/LOHP

- The working substance used was deionized
water mixed with food coloring at a
concentration of 1% by volume.

- Test was done at the ambient temperature of
25°C

- Oscillating glass heat pipe for heart-shaped
glass spoon had an internal diameter of 3.4 mm
(Details as shown in Figure 2)

- The inclination angle used was 45°

Dependent
variables

Control
variables

According to the experiments as show in Figure 3(c), the
evaporator section of HSGS/LOHP was soaked in the hot
coffee within a cup. The condenser section of HSGS/LOHP is
cooled by natural cooling. Three temperature measurement
points were set up to determine the temperature of the hot
coffee within a cup, wall temperature of condenser section and
ambient, temperatures at three points were also recorded using
a K type thermocouples with % 1.5°C that had the cable
connected to a data logger (Yokogawa DX200) with £1 <
accuracy. The HSGS/LOHP condensation flow pattern was
recorded with a video camera. The resulting video files were
analyzed to characterize the flow patterns, the flow speeds, the
length of the flow patterns, the buoyancy force, and the
moment of inertia of each flow pattern at the condenser, the
Reynolds Number (Re) and the heat flux. Results of the
experiment were due to; the behaviors and flow patterns at the
HSGS/LOHP’s condenser, the effect of filling ratio and
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evaporator’s temperature on the flow pattern within the
HSGS/LOHP’s condenser, the effects of the evaporator
section temperature on buoyancy force and moment of inertia
of the flow pattern within the condenser of HSGS/LOHP, the
effects of the evaporator temperature on Reynolds Number
(Re) and Heat Flux in the condenser of HSGS/LOHP.

LOHGP/HSHCS
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"

Figure 3. The schematic diagram of the equipment
and instrument setup

2.3 Heat transfer rate and flow patterns analysis

The heat transfer rate resulting from the heat conduction
from the heat source at the evaporator section through the tube
wall is determined by the Fourier equation of thermal
conductivity as shown in Eq. (2) [16]:

AT
Qcond = k'% T (2

where, Qcond is the heat transfer rate due to the heat conduction
through the pipe wall (W), & is the pipe thermal conductivity
(W/m °C), A is the evaporator surface area (m?), AT is the
temperature difference between the outer and inner tube
surfaces (°C), and t is the pipe thickness (m).

The heat transfer rate of the two — phase flow pattern at
condenser section was determined by natural convection at
condenser section which was calculated from Eg. (3) [17-19]:

Q = Q - hconv Ac (Twall,c h Tair) (3)

conv,c



The heat flux or the heat transfer rate/surface area of the
condenser (kW/m?) was obtained from the below Eq. (4) [20,
21]:

A

(4)
where, Q is heat transfer rate (W), heonv is convection heat
transfer coefficient (W/m?-C), A. is the condenser surface
area (m?), Twac is the wall temperature of condenser section
(<C), Tair is air temperature (<T), q is heat flux (kw/m?).
Furthermore, flow behaviors within the tube can be
determined by a group of non-dimensional variants or
Reynolds Number (Re) as shown in the following Eq. (5) [22]:

_pVD _VD
u 1%

Re )

where, V is average flow pattern velocity (m/s), D refers to
diameter of flow pattern (m), p is density (kg/m?), i is dynamic
viscosity (kg/m s), and v is kinematic viscosity (m?/s).

The flow patterns can be divided according to the phase of
the working substance inside the heat pipe as follows: liquid
phase and gas phase. The working substance inside the heat
pipe flows in two — phase, alternating between liquid and gas
phase. When the evaporator section is heated, the working
substance changes from liquid to gas and moves from the
evaporator section through the adiabatic section to the

condenser section. This study focused on the flow patterns in
the heart-shape area, which served as the condenser section for
HSGS/LOHP. The two-phase flow patterns in the condenser
section of HSGS/LOHP can be calculated by the buoyancy
force equation as shown in the Eq. (6) [23]:

FB = V(p| _Pv)g (6)

where, Fg is the buoyancy force (N), V is the volume of the
flow pattern (m2), pi, py is is the density of the liquid phase —
vapor phase working substance (Kg/m®), and g is the
acceleration due to the gravity (m/s?).

The resistance to the displacement of the flow pattern in the
condenser section can be explained by the principle of moment
of inertia as shown in Eq. (7):

| :lmR2
2

()
where, 7 is the moment of inertia (kg m?), m is the mass of the
flow pattern (kg), and R is the radius of the flow pattern (m).

As per the two - phase flow pattern at the condenser section
of HSGS/LOHP, the grouping and classification of the flow
patterns was done according to the length of the vapor bubbles
along with the photographic observations as shown in Table 2
[12, 24].

Table 2. Grouping and categorization of the flow patterns

Flow patterns Size Characteristic and forms
Bubble flow, BF o hen the working substance in liquid phase changes t hase. Small bubbl
Lo < 1.3D; ccurs when the working substance in liquid phase changes to vapor phase. Small bubbles grow
o — 9 larger and appear as spherical vapor bubbles.
Slug flow, SF Slug flow is formed by merging bubbles from flow patterns or elongation of the bubble. The vapor

T 2]  1.3Di<L¢<7.5D;
el >

phase of the working substance takes an elongated oval shape or a bullet shape when moving at
high speed. There are brief sections of liquid working substance between the vapor slugs.

Annular Flow, AF

Lg>7.5D;i

Annular flow is formed by merging or elongation of the slug flow. Liquid phase working substance
forms a thin film along the pipe wall. The thickness of the film is usually greater at the bottom than

= the top. The vapor phase working substance appears in the middle of the tube.

Notes: Lq and D; are the average length of the vapor bubble and the diameter inside the heat pipe, respectively [12, 24].

3. RESULTS AND DISCUSSIONS

As per the application HSGS/LOHP to add uniqueness and
attractiveness to a glass spoon, the results of the two - phase
flow pattern observation in the heart-shaped part of the spoon
indicated that this creation is clearly distinct from the currently
used utensils. The results are presented in the following
aspects:

3.1 Behaviors and flow patterns at the HSGS/LOHP’s
condenser

When the HSGS/LOHP’s evaporator section (heart-shaped
glass spoon) made contact with the heat source (hot coffee in
the cup), the heat was transferred through the tube wall by heat
conduction to the working substance [22]. When it was heated
enough, the working substance in its liquid phase evaporated
and resulted in the initial bubble flow patterns. Then, the
accumulated energy gathered during its motion changed the

flow pattern from bubble flow to slug flow and to annular flow.
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As a result, the vapor bubbles in the evaporator section
enlarged and the vapor pressure also increased. Therefore, the
pressure of the slug flow working substance and the vapor
bubbles flowed to the condenser section that had a lower
temperature (the heat sink). This force is called the driving
force of the oscillating heat pipe which was found in slug flow
and annular flow that flowed from the evaporator section to
the condenser section of the HSGS/LOHP. This occurred
along with the convection heat transfer rate of the two - phase
flow pattern from the evaporator section to the condenser
section as shown in Figure 4(a)-4(b). Furthermore, the
pressure difference between these two parts also increased as
the HSGS/LOHP was made from a single coiled capillary tube
that made up the evaporator and the condenser sections. This
was due to the movement of liquid and vapor bubbles from the
evaporator section to the condenser section which led to
further movements of liquid and vapor bubbles through the arc
to the evaporator section. Thus, a repeated cyclical
evaporation of the working substance was observed. When the
vapor pressure rose, it produced a restoring force which



pushed the working substance back to the condensation unit
again. As a result of this simultaneous thrust between the
driving and restoring forces, an oscillating motion of the
working substance along the pipe axis was generated [22].

Slug flow (SF)

Slug flow (SF|
g flow ( ')'

... Slug flow (SF)

'/ Annular flow (AF)

%
Slug flow (SF)

Coffee cup rim

Figure 4. The behavior and flow patterns within the
HSGS/LOHP’s condenser section

3.2 Effect of filling ratio and evaporator’s temperature on
the flow pattern within the HSGS/LOHP’s condenser
section

The nature of the flow patterns within the condenser section
of HSGS/LOHP as influenced by the filling rate and the
evaporator temperature is shown in Table 3. Two phase flow
patterns were observed in the condenser of the HSGS/LOHP,
these were slug flow (SF) and annular flow (AF) at the
working substance filling rate of 80% and 60%, respectively.
For the filling rate of 40%, only slug flow (SF) was found. The
increase in the evaporator temperature in all test cases and the
different filling ratios resulted in an increase in the velocity of
the flow pattern in the condenser section. Higher evaporation
temperature allowed the liquid working substance at the
evaporator of the HSGS/LOHP to easily boil. The required
time to vaporize the liquid working substance was also
shortened [24]. Due to the flow patterns change accompanied
by the increase in the velocity and pressure of the movement
from the vapor, slug and annular bubbles appeared at the
condenser section. These are also known as slug and annular
flow patterns. Moreover, it was also found that the SF had a
higher flow speed than that of the AF due to SF’s smaller vapor
bubble size and the shape of the HSGS/LOHP condenser
which was designed as a heart shape. As the smaller bubbles
moved through the bends, they had a faster flow speed than the
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bigger ones which corresponds to the explanations in Section
3.3. As per the buoyancy force and moment of inertia of the
flow pattern at the condenser, the test data in Table 3 indicated
that at the evaporator temperature of 70°C, the flow pattern in
all test cases had the highest moving speed. At 40% of the
working substance filling rate, an average speed of SF was
0.00171 m/s, which was the highest speed obtained from this
test. At this filling rate, a relatively small amount of working
substance was added which accelerated the boiling and
evaporation of the substance. Hence, the bubbles and vapor
could occur more rapidly. This increase in velocity shortened
the expansion time of the vapor bubbles in the evaporator,
resulting in a smaller average vapor bubble size [24].
Therefore, this was only found in slug flow which had the
shortest length in all test cases or 0.0102 m for 40% of working
substance filling rate and the evaporator section temperature
of 70 <C. This resulted in less volume of the liquid bar and
vapor bubbles moving from the evaporator section to the
condenser section. This circumstance caused less movement
of the liquid bar and the vapor bubble on the other side to pass
through the arc to the evaporator section as well. Low vapor
pressure and restoring force led to less pressure difference
between the evaporator section and condenser section. As such,
at 40% working substance filling rate, only the slug flow was
observed in the condenser whereas at 60% and 80% working
substance filling rates, slug flow and annular flow were
observed.

3.3 Effects of the evaporator section temperature on
buoyancy and moment of inertia of the flow pattern within
the condenser of HSGS/LOHP

Figure 5(a)-5(b) show the relationship of the evaporator
temperature and the working substance filling rate effect on
the buoyancy force and moment of inertia of the slug and
annular flows at the HSGS/LOHP’s condenser. According to
the data, increased evaporator’s temperature resulted in lower
buoyancy force and moment of inertia for both the slug (SF)
and annular (AF) flow patterns within the HSGS/LOHP’s
condenser, as shown in Figure 5(a)-5(b), respectively. Due to
higher evaporation temperature, the working substance boiled
easily and the expansion of the vapor bubbles occurred rapidly.
Thus, the bubble’s expansion time at the evaporator was
reduced [24]. Therefore, the evaporator temperature increase
resulted in a shorter length of the flow pattern as shown in
Table 3.
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Figure 5. The relationship of the evaporator temperature and the working substance filling rate effect on the buoyancy force and
moment of inertia of the slug flow (a) and annular flow (b) in the condenser of HSGS/LOHP
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Table 3. The flow patterns within the HSGS/LOHP’s condenser as a result of the working substance filling rate and the
evaporator’s temperature (°C)

The working substance filling rate of 80% of the evaporator section’s volume and the temperature at the evaporator (C).

70 60

50 40

R

PR ——

ey s

S magmann 7 g e 1]

Al o (48] 7,

Cottrrogris ]

Vg (m/s) Lg (M) Vg (m/s) Lg (M) Vg (m/s) Lg (m) Vg (m/s) Lg (M)
SF=0.00153 SF=0.0197 SF=0.00147 SF=0.0221 SF=0.00116 SF=0.0239 SF=0.00085 SF=0.0259
AF=0.00103 AF=0.0320 AF=0.00091 AF=0.0333 AF=0.00080 AF=0.0393 AF=0.00069 AF=0.0044

The working substance filling rate of 60% of the evaporator section’s volume and the temperature at the evaporator (C).

70 60

50 40

Shug Buw (55

AT I
'/ Slug flow (SF) 3

Ruwalar Hus (451 3

Vg (m/S) Lg (m) Vg (m/S) Lg (m) Vg (m/S) Lg (m) Vg (m/S) Lg (m)
SF=0.00166 SF=0.0153 SF=0.00158 SF=0.0166 SF=0.00123 SF=0.0179 SF=0.00092 SF=0.01943
AF=0.00111 AF=0.0240 AF=0.00099 AF=0.0250 AF=0.00087 AF=0.0295 AF=0.00075 AF=0.0332

The working substance filling rate of 40% of the evaporator section’s volume and the temperature at the evaporator (<C).

70 60

50 40

dree,

‘.

g (]}

FETREET ] .'.
b L]

Siug ww 2] ]

Cr'tqm ouprie. Cwew g arm

Coler prie

Vg (m/s) Lg (M) Vg (m/s) Lg (M)

Vg (m/s) Lg (M) Vg (m/s) Lg (M)

SF=0.00171 SF=0.0102 SF=0.00163 SF=0.0111

SF=0.00126 SF=0.0120 SF=0.00095 SF=0.0130

Notes: Vg, Lg are the velocity and length of the vapor bubbles, respectively.

The reduction of the flow pattern led to a low mass and
volume requiring a lower buoyancy or buoyancy force (Fg) for
the bubble to flow up to the HSGS/LOHP’s condenser. The
flow pattern expressed in terms of the lower moment of inertia
(1) for the slug and the annular flows is shown in Figure 5(a) -
5(b). This is also explained by the high velocity of the flow
pattern when the temperature of the evaporator was increased
in both flow patterns at every rate of the working substance
filling rate as shown in Table 3. In addition, at the evaporator
temperature of 40T and 80% working substance filling rate,
the annular flow had maximum buoyancy force and moment
of inertia of 4.90 +0.25 kN and 901.77 *45.08 Tm?2kg,
respectively, as shown in Figure 5(b). At 40% of the working
substance filling rate and 70°C evaporator temperature, the
slug flow had the lowest buoyancy force and moment of inertia
of 1.12 +0.05 kN and 205.77 = 10.28 Tm?kg, respectively,
as shown in Figure 5(a). At the evaporator temperature of 40 C,
accumulation of heat energy within the evaporator took a
longer time than that of the 50, 60, and 70°C which gave the
vapor bubbles a longer period of time to expand at the
evaporator [24]. As a result, at the evaporator temperature
40<C, the length of the flow pattern for both the slug flow and
the annular flow was longer than the evaporator temperature
of 50, 60, and 70°C as shown in Table 3. This eventually
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resulted in high values of buoyancy force and moment of
inertia at the evaporator temperature of 40°C.

3.4 Effects of the evaporator temperature on Reynolds
Number (Re) and Heat Flux in the condenser section of
HSGS/LOHP

The increased evaporator temperature helped the working
substance in the HSGS/LOHP to be more conducive to boiling
at any active substance addition rate. The heat from the heat
source permeated through the pipe wall into the working
substance within the evaporator which led to its vaporization.
This condition initiated the two-phase flow of the working
substance from the evaporator to the condenser of the
HSGS/LOHP. Increased temperature in Slug flow and
Annular flow resulted in lower density, dynamic viscosity and
kinematic viscosity of the working substance. As a result, flow
pattern movement speed became faster in accordance with the
higher evaporator temperature as shown in Table 3.

Upon considering the two-state flow pattern, the Reynolds
Number, and the heat flux as shown in Figure 6, test results
revealed that the increased temperature also raised value of the
Reynolds Number (Re) and the heat flux of the condenser. At
HSGS/LOHP’s working substance filling rate of 80% of the



evaporation volume, and the evaporative temperature of 70°C,
maximum heat flux of 0.01171 kW/m? and the Reynolds
Number of 8.704 were achieved. Reynolds Number (Re) is a
dimensionless variable which is expressed by flow behavior of
the fluid within a pipe. The number is relative to properties of
the working substance such as density, dynamic viscosity,
kinematic viscosity, average velocity of flow in the pipe, pipe
diameter, and structural characteristics of the pipe. These
properties are influenced by or subjected to the evaporator
temperature. The two-state flow pattern carries heat from the
evaporator to the condenser [21, 23, 24] as illustrated in the
Slug flow and Annular flow of HSGS/LOHP.
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-
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40 80 100
The evaporator temperature (°C)

Figure 6. The relationship of the evaporator temperature on
Reynolds Number (Re) and Heat Flux in the condenser
section of HSGS/LOHP

In addition, previous laboratory scale studies on the two-
phase flow patterns of Helical Oscillating Heat Pipe (HOHP)
heat exchangers [12], Closed- Loop Oscillating Heat- Pipe
with Check Valves (CLOHP/ CV) [2] and Two-Phase Closed
Thermosyphon (TPCT) [21] revealed the same trend and
direction as those obtained from the HSGS/LOHP. These trend
and direction including the heat flux and the Reynolds Number
(Re) which increased according to the evaporator temperature
as shown in Figure 6.

4. CONCLUSION

This article explored the application of the Heart Shaped
Glass Spoon Loop Oscillating Heat Pipe (HSGS/LOHP)
which was designed to resemble a coffee spoon in structure
and dimensions. HSGS/LOHP can be practically used like the
actual coffee spoon. The heart-shaped condensing part of the
glass displays the behavior of the two-state flow patterns. The
purpose of this research is to provide basic information on the
application of Oscillating Heat Pipe (OHP) as a daily used
product. The results are summarized as follows:

The heart-shaped glass spoon with oscillating heat pipe can
be practically used for which the behavior of slug and annular
flow of the working substance within the condenser section
can be observed. It is a product design and application that
really meets the needs which can be further developed
commercially to increase the market value in the coffee
industry. The spoon can enhance the product’s uniqueness for
coffee admirers.

Working substance filling ratio and evaporator temperature
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are important for the formation of flow patterns within the
condensing unit of HSGS/LOHP. At 60% and 80% of working
substance filling rate, 2 flow patterns, slug flow and annular
flow were observed within the condenser section of the
HSGS/LOHP. This was different from the 40% filling ratio
which only exhibited the slug flow. The average length of the
flow in each pattern was directly proportional to the working
substance filling rate, along with the increase in the average
velocity of the flow patterns when the evaporator temperature
was increased.

Increased evaporator temperature reduced the buoyancy
force and moment of inertia of each flow pattern within the
condenser section of HSGS/LOHP. At 40°C, the highest
buoyancy force and moment of inertia in each flow pattern for
every working filling rate were observed. The lowest
buoyancy force and moment of inertia in each flow pattern
were found at the evaporator temperature of 70°C.

Increased evaporator temperature raised the Reynolds
Number (Re) and the heat flux as the temperature caused the
properties of the working substance including density,
dynamic viscosity and kinematic viscosity to be lower. As a
consequent, flow speed was increased which also resulted in
higher heat flux values.

Limitations and problems of this study were mainly due to
the production of a coffee stirrer from a glass tube which has
similar size and shape to the common coffee spoon.
Furthermore, the prototype Heart Shaped Glass Spoon Loop
Oscillating Heat Pipe (HSGS/LOHP) was made from a glass
tube with a small inner diameter which must be carefully used.
Future research may use rigid plastic pipes which may result
in a more durable spoon that can be molded into different
shapes. This will enhance a better appearance, and further
increase its commercial values. Thus, the product can be sold
during special events or as souvenir.
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NOMENCLATURE

—

VI-TMOKIL AT B D>FOR

diameter of the capillary tube, m
acceleration due to gravity, m/s?
heat transfer rate, W

thermal conductivity, W/m -<C
surface area, m?

temperature difference, T
thickness, m

heat transfer coefficient, W/m? <C
temperature, <

heat flux, kW/m?

Reynolds Number

average flow pattern velocity, m/s
diameter of the flow pattern, m
force, (N)

moment of inertia, kg m?

mass of the flow pattern, kg
radius of the flow pattern, m
Bubble flow

Slug flow

Annular flow

Greek symbols

surface tension, N/m
density, kg/m®
dynamic viscosity, kg/m s



<

Subscripts

max

kinematic viscosity, m?/s
volume of flow pattern, m3

internal
maximum
liquid
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cond

conv
wall
air

vapor
conduction
evaporator
condenser
convection
wall

air
buoyancy





