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ARTICLE INFO ABSTRACT
Article history: A three-dimensional numerical model, employing the Volume of Fluid (VOF) method,
Received 9 August 2024 was developed for a single-loop oscillating heat pipe (OHP) with variable diameters.

Received in revised form 10 September 2024 The investigation explored the impact of varying pipe diameter ratios on flow and heat
Accepted 14 October 2024 transfer characteristics at different operational stages under a 40W heat power. The
Available online 30 November 2024 results reveal that the diameter ratio significantly affects the spatial arrangement of
the evaporation, adiabatic, and condensation sections in the OHP. In the initial stage,
the condensation section displays 15 liquid slugs when the diameter ratio is 1, but this
number decreases to fewer than 10 in the same area when the diameter ratio exceeds
1. Comparative to a straight-pipe OHP, configurations with varying diameter ratios
exhibit a marginal reduction in the average fluid velocity during the circulation of the
working fluid inside the pipe, with the most pronounced velocity decrease occurring at
a diameter ratio of 0.8. As the diameter ratio increases to 1.25 and 1.5, the turbulent
disturbances in the region where the working fluid flows from the adiabatic section to
the evaporation or condensation section intensify, facilitating the temperature
exchange within the OHP. During stable operation of the OHP, the frequency of
temperature oscillations increases with an increasing diameter ratio, while the
amplitude decreases. Among all the cases, the OHP with a diameter ratio of 1.25 has

Keywords: the optimal heat resistance, 1.50K/W. The heat transfer performance of the OHP with
Oscillating heat pipe; Diameter ratio; a pipe diameter ratio of 0.8 deteriorated, and the thermal resistance increased by
Heat transfer; Multi-phase flow; VOF 27.6% compared with the straight-pipe OHP.

1. Introduction

Thermal management is essential in both daily life and industrial production [1-3]. Among various
thermal management techniques, heat pipes have garnered significant attention due to their
superior thermal conductivity [4]. A relatively newer type, the oscillating heat pipe (OHP), also
referred to as a pulsating heat pipe (PHP), was first introduced by Akachi in 1990 [5]. Compared to
conventional heat pipes, OHP offers several notable advantages: it enables highly efficient heat
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transfer without requiring external mechanical power, consists solely of bent capillary tubes without
a wick structure, and is characterized by their simplicity and cost-effectiveness. Furthermore, the
OHP is available in various designs, exhibits strong adaptability to different environments, and
possesses high heat transfer limits [6,7]. These characteristics make the OHP a promising solution for
addressing overheating challenges across a broad range of applications [8]. Currently, OHPs are
widely used in aerospace, high-heat-flux electronic devices [9], light-emitting diodes (LED) [10], solar
photovoltaic systems [11], waste heat recovery [12], and heating, ventilation, and air conditioning
(HVAC) systems [13]. Moreover, OHPs show significant potential in other areas, such as numerical
control (NC) machine [14], the wheel conner module (WCM) [15] and battery thermal management
system (BTMS) [16,17].

Research has shown that the factors influencing the thermal performance of OHPs can be
categorized into three groups: geometric parameters, operating parameters, and physical
parameters [18]. Among these, structural optimization of OHPs is fundamental to their widespread
application [19]. To design and develop more stable and higher-performing OHP structures, it is
crucial to gain a deeper understanding of the underlying operating mechanisms of OHP. The OHP
achieves efficient heat transfer through the oscillatory movement of vapor and liquid slugs, driven
by pressure imbalances between adjacent tubes [20]. This process involves a range of complex
phenomena, including phase transitions of the working fluid, bubble growth and collapse, nucleate
boiling, and forced convection [21]. With advancements in computational fluid dynamics (CFD) and
the availability of greater computational power, CFD has emerged as a valuable tool for elucidating
the intricate flow characteristics and heat transfer mechanisms within OHP [22].

At present, most applications based on OHPs use copper tubes with uniform diameters.
Innovating the cross-sectional shape to develop OHPs with enhanced startup and heat transfer
performance is crucial for advancing their practical use [23]. In simulation studies aimed at optimizing
the cross-sectional shape of OHPs, the single-loop OHP is predominantly used. This approach is
preferred for two key reasons. First, the single-loop OHP retains all the essential characteristics of a
typical OHP, allowing its simulation results to be more easily compared and validated against
Visualizing experimental data, thereby providing a solid basis for verifying numerical models. Second,
simulating the transient operation of OHPs using computational fluid dynamics (CFD) involves
multiphase flow and complex thermodynamic equations, which demand substantial computational
resources and are prone to numerical instability [24]. By employing a single-loop OHP, researchers
can more effectively control boundary conditions, minimizing potential issues with computational
convergence [25].

In recent years, numerous researchers have demonstrated significant interest in optimizing the
structure of single-loop OHPs [26]. Xie et al., [27], through a two-dimensional (2D) numerical study,
investigated the impact of different bend designs on the flow and heat transfer performance of
single-loop closed OHPs. Their findings revealed that OHPs with right-angle bends exhibited faster
startup times and superior heat transfer performance compared to those with circular bends. Wang
et al., [28] examined the startup and heat transfer performance of single-loop OHPs featuring one
straight tube and another side tube with varying inner diameter ratios. Their research showed that
at a heating power of 20W, the OHP with a 4:3 inner diameter ratio achieved the lowest thermal
resistance and the highest heat transfer performance. Kang et al., [29] introduced a novel single-loop
OHP design with partition walls inside the flow channels and analyzed the effects of wall placement
and filling ratio using a 2D numerical model. The results indicated that, with a 70% filling ratio, the
OHP with partition walls improved thermal performance by 14%. Similarly, Zhao et al., [30]
conducted a 2D numerical study on single-loop OHPs equipped with wick structures, evaluating the
influence of wick characteristics and filling ratios on thermal performance. Their results
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demonstrated that at filling ratios of 50% and 70%, the working fluid in the OHP with wick structures
exhibited mist-like flow, leading to enhanced performance. However, at a 30% filling ratio, the
performance of the OHP with wick structures was inferior to that of a conventional single-loop OHP.
Rasoul et al., [31] designed and fabricated a three-diameter OHP (TD-OHP) to study its flow behavior
and heat transfer performance. Their research demonstrated that the uneven diameters, which
induce unbalanced gravitational forces, accelerated the generation, growth, and rupture of bubbles.
Compared to single-diameter OHP (SD-OHP) and double-diameter OHP (DD-OHP) designs, the TD-
OHP structure significantly enhanced circulation flow and reduced thermal resistance. Similarly, Chen
et al., [32] investigated the impact of varying inner diameters on the startup and operation of single-
loop OHPs, comparing the performance of OHPs with inner diameters of 6 mm and 3 mm under
different filling ratios and heating powers. Their study found that OHPs with a 6 mm inner diameter
were more prone to forming excessively long liquid columns, resulting in intermittent pulsation. In
contrast, the 3 mm inner diameter, with its enhanced surface tension, facilitated smoother liquid slug
movement within the tube, preventing such pulsation. Liu et al., [33] proposed three types of single-
loop double-diameter OHPs (DOHPs) and evaluated their startup and heat transfer performance
using 2D transient numerical simulations. Their results identified two bubble growth modes in the
OHPs: directional growth and rapid coalescent growth. The variation in diameters significantly
influenced DOHP performance, with the DPHP featuring a 2.0 mm diameter difference showing the
best performance. Specifically, the startup time and thermal resistance were reduced by 19.1% and
34.5%, respectively.

In summary, existing studies have demonstrated that appropriately designed multi-diameter OHP
structures can significantly enhance the heat transfer performance of OHPs. However, there are still
some limitations in the current research. Firstly, most studies on multi-diameter OHPs rely on 2D
transient numerical simulations, which may limit the accuracy in capturing complex phenomena such
as phase changes and vortex formation. Secondly, no studies have yet explored the effect of varying
pipe diameters along the evaporation/condensation and adiabatic sections of an OHP, transitioning
from a tapered section to a straight tube and then to an expanded section. In this study, a three-
dimensional (3D) transient numerical simulation will be conducted to investigate the flow and heat
transfer characteristics of OHPs with varying diameters, utilizing the Volume of Fluid (VOF) method
combined with the Lee phase-change model [34]. The analysis will focus on the effects of diameter
ratio variations on the initial distribution of the working fluid, the startup process, steady-state flow
behavior, and overall heat transfer capacity. The findings are expected to provide a certain insight
for the future structural optimization designs of OHP-based systems.

2. Numerical Simulation Method
2.1 Control Equation

In this study, the VOF method is employed to track the vapor-liquid interface in the OHP. The VOF
method is suitable for two or more immiscible fluids. Therefore, based on the volume fraction within
a computational cell, the control volume can be categorized into two situations: one where a pure
fluid is present ( «=1), and the other where a mixed fluid is present ( @17 1). There are only two
phases in the OHP: liquid and vapor. When the control volume contains either only the vapor phase
or the liquid phase, the governing equations are identical to those of single-phase flow. However, in
the presence of a phase interface within the control volume, the sum of the vapor and liquid phase
volume fractions equals 1, as shown in Eq. (1).

ayt+a;=1 (1)
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The governing equations of flow and heat transfer are shown in Egs. (2)-(5) [35].
Continuity equation:

%(“1.01) + V- (apv) = Sy (2)
%(avpv) + V- (ayppv) = Sm,v (3)
5 (V) + 7+ (pvv) = V[u(Wv + V)] +pg + F (@

Energy conservation equation:
a
5. PE) + V[v(pE +p)] =V - (kVT) + Sg (5)

The velocity field and temperature field solved by the momentum equation and energy equation
are shared by the vapor phase and liquid phase fluid [35], so the physical properties of the mixed
phase are used in the momentum equation and energy equation, as shown in Eq. (6).

p=ap + a,p, (6)

During the operation of OHP, the heat and mass transfer on the vapor-liquid interface is the root
cause of the interface change [36]. To calculate the mass and heat transfer in the phase change
process, Lee et al., [34] proposed a mass transfer model, developed a complete set of CFD codes, and
connected them to the control equation. After the mass transfer is determined, the heat transfer in
the phase change process is calculated by the product of the mass transfer and the latent heat of
vaporization, as shown in Egs. (7)-(10) [37].

Evaporation (T>Tsq):

T—Tsat

Smy = —Biayp; Tout (7)
T—Tsq
Smv = Braupy Tsatt (8)

Condensation (T<Tsqt):

Tsat=T

Sm,l = Bra,py T (9)
sat
Teqt—T
Sm,v = —Bra,p, sTasz;t (10)
2.2 Model Description

The OHP tube diameter must be small enough to allow the working fluid to form the vapor and
liquid plugs distribution within the pipe. The critical diameter (D.rir) for the OHP must satisfy the
conditions as described in Eq. (11) [38]. Through calculations, it is determined that the range of
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diameters selected for the variable-diameter single-loop OHP in this study falls within the range of
2mm to 4mm.

g g
_ /— <D< 1. /—
0.7 9(p1—pv) <Deri< 1.8 9(p1—pv) (11)

The structure of the single-loop variable-diameter OHP is shown in Figure 1(a). It has a total length
of 150 mm and is vertically oriented. From bottom to top, it consists of the evaporation section, the
adiabatic section, and the condensation section, each with a length of 50 mm. The straight sections
of the evaporator and condenser segments feature variable-diameter structures, with diameters D1
and D2 at the two ends and a diameter of D2 in the curved section. To reduce numerical dissipation,
structured hexahedral grids were generated for the OHP flow field using ICEM. An O-block was
created to address grid distortion at the vertices of curved blocks, and grid refinement was applied
to the near-wall boundary layer grids. Figure 1(b) illustrates a schematic of the grid in a portion of
the evaporation section, with grid refinement near the wall.
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(a) (b)
Fig. 1. The variable diameters of the OHP model, (a) Structure diagram, (b) Grid
structure diagram

Under the condition of keeping the volume of fluid domain in OHP unchanged, as shown in Table
1, four OHPs with different pipe diameter ratio k (D2/D1) are designed. When k=1, it is a common
3mm equal diameter OHP.
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Table 1

OHPs with different pipe diameter ratios

Cases Diameter ratiok Diameter D1/mm  Diameter D2/mm  Fluid domain volume/mm3
Casel 0.8 3.27mm 2.61mm 2215.3

Case2 1.0 3.00mm 3.00mm 2215.3

Case3 1.25 2.70mm 3.38mm 2215.4

Case4 1.5 2.44mm 3.66mm 2215.3

Itis important to note that the tube wall is made of copper, and the working fluid is water, where
the liquid phase is considered as the first phase and the vapor phase as the second phase. As shown
in Table 2, REFPROP 9.0 software was used to obtain the thermophysical properties of water [33]. To
facilitate the calculations and create a reasonably simplified mathematical model for the research,
the following basic assumptions were made:

i)  The initial temperatures of the vapor and liquid are both at saturation temperature.
ii)  The liquid-vapor interface is at the saturation temperature.
iii)  The vapor phase is treated as an ideal vapor.

Table 2

The thermophysical properties of water

Parameters Formulas/values

01 (kg/m3) 1002.7 — 0.1424T — 0.00326T2 +2.6544 x 107° T3
0 (kg/m3) Ideal Gas Law

Cp,i(/kg K) 4083.6 + 3.7701 T—0.0372 T2+ 1.4092 x 107*T3
Cov(I/kgK) 1563.1+ 1.6038 T - 0.00293 T? +3.2161x 10° T3

A1 (W/m-K) 0.5656 + 0.00188 T - 8.3481 X 10°°T? + 6.4842 X 10°°T3

Ay (W/m-K) 0.0261

o (N/m) 0.09805856 - 1.845 X 10°°T - 2.3 X 10'T?

u (mPa-s) 0.00133 - 2.1342 X 10°T +1.3826 X 10 ’T?- 3.098 X 1013
« v (mPa-s) 1.34 X 107

The numerical simulation of the OHP can be divided into two stages, based on the actual physical
processes. The first stage involves filling the working fluid into the OHP, where, under microscale
influences, an initial distribution of vapor and liquid plugs forms. During this stage, all wall boundary
conditions are set to the temperature of the condensation section (293.15K).

The second stage primarily simulates the startup and stable operation of the OHP under constant
40W heating conditions in the evaporation section. During this phase, the boundary conditions for
the evaporator, adiabatic section, and condensation sections are as follows: constant heat flux,
adiabatic, and constant temperature, respectively. The temperature in the condensation section is
maintained at 293.15K, and the heat flux in the evaporation section is set as the ratio of the 40W
heating power to the evaporation section's surface area.

In the simulation, all governing equations were solved using the Fluent Launcher 2021 R1
software based on the finite volume method. The primary mathematical models are presented in
Table 3. Figure 2 is a flowchart of using Fluent to carry out simulation.
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Table 3

Main mathematical models and parameters

Models

Parameters

Computational model
Solution algorithm
Multiphase flow model
Phase setting

Gravity Item Settings
Surface tension model
Viscous model

3D Transient

Segregated Implicit

VOF Explicit

Primary-water and secondary-vapor
Y axis -9.81m/s?

CSF (0.0728N/m)

Realizable k-epsilon

pressure-velocity coupling method
Pressure discretization scheme
Discrete scheme of momentum

PISO
Body Force Weighted

2ed Order Upwind

equation

Interface volume fraction interpolation

algorithm
Courant number
Fluid filling rates (FR)

Geo-Reconstruct

0.25
50%

2.3 Validation of Model

To validate the grid independence and ensure the reliability of numerical results for Case 2 and
other pipe diameter OHPs, four different grid sizes were employed. The corresponding thermal
resistance was calculated for each grid size. As shown in Equation (12), thermal resistance R is
employed to assess the heat transfer performance of the OHP. In the equation, Teys and T denote

Establish the basic control
equation

|

Determine boundary conditions
and initial conditions

!

Make the grid and generate
computational nodes

le

=

Establish the discrete equation

!

Discretize the initial conditions
and boundary conditions

!

Specify the solution control
parameters

!

Solve the discrete equation

Is the
solution
onvergent?2

Yes

Export and analyze calculation
results

Fig. 2. CFD work flow chart
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the average wall temperatures of the evaporator and condensation sections, respectively. Q
represents the heating power applied to the evaporation section.

R = @ (12)

As shown in Figure 3. The number of grids is more than 200 thousand, and the deviation of the
thermal resistance value obtained is not more than 1%, so the grid division scheme with the number
of 231678 is adopted in this study.

To verify the effectiveness of the numerical model and keep the size parameters of the OHP
consistent with those in the literature [39], the numerical calculation of the OHP in the literature was
carried out, and the results are shown in Figure 4. The calculation results show that the trend of
thermal resistance value obtained by numerical simulation is consistent with the experimental
results, and the maximum relative error between the thermal resistance value and the literature
value is 6.6%. In addition, by comparing the simulated flow pattern with the flow pattern obtained
from the visualization experiment of Xu et al., [40], it can also be found that the flow pattern of the
numerical simulation better reflects the actual flow pattern of the experiment.

5

—a— Literature [39], filling ratio = 50%
—e— Calculation results, filling ratio = 50%

I H l r;
r [ f
hi' _f _j f

: 7 57 H vapor  bubbly flow slug flow [40]
; ._ - v 7 . %% .‘;" s 0 1 1 1 1 I 1 1
... S Ly 5 10 15 20 25 30 35 40 45
Power (W)
Fig. 4. Validation of present result with those of
literature [39,40]
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T
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Fig. 3. Grid independence verification

3.Results and Discussion
3.1 Initial Stage Analysis

After the working fluid is introduced into the OHP, under the influence of surface tension, gravity,
and intermolecular forces between the wall, there is a tendency for the liquid phase to move towards
the direction of minimizing its free energy [41]. Additionally, the attractive forces between the same
phase working fluid molecules lead to gradual aggregation. Over time, as these trends accumulate,
the OHP interior eventually forms a situation with alternating uniform distribution of vapor plugs and
liquid slugs, resulting in a clearly defined interface between the vapor and liquid phases [42]. This
initial phase of the working fluid's vapor-liquid distribution provides the foundation for the initiation
of the OHP.

As shown from Figure 5(a), during the initial phase, the influence of gravity on the liquid phase is
more pronounced. In different OHP configurations, the longest vapor plugs are all located at the top
of the condensation section. The distribution of the longest liquid slugs is influenced by the pipe
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diameter ratio and exhibits varying characteristics. In the case of a pipe diameter ratio (k) of 0.8, the
longest liquid slugs are distributed in the adiabatic section. For configurations with an equal pipe
diameter (k=1), the longest liquid slugs are near the top of the evaporation section. In comparison to
equal diameter configurations, OHPs with pipe diameter ratios of k=1.25 and k=1.5 have longer liquid
slugs distributed not only near the top of the evaporation section but also more dispersed within the
evaporation section itself.

Figure 5(b) illustrates the distribution of vapor plugs for OHPs with different pipe diameter ratios.
The number of liquid slugs in the condensation section is most affected by the varying pipe diameter.
When compared to the k=1 configuration, in cases with pipe diameter ratios of k>1, the number of
liquid slugs in the condensation section decreases from around 15 to 10. Among the four OHPs, the
OHP with a pipe diameter ratio of k=0.8 has the fewest liquid slugs in the adiabatic section, totaling
15. Conversely, for the k=0.8 configuration, the evaporation section has the highest number of liquid
slugs, reaching 21.
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Volwne fracton
ligquid)
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Fig. 5. Vapor and liquid plugs distribution
characteristics in OHP with different pipe diameter
ratios at the initial stage, (a) The liquid fraction
variations, (b) Number of liquid slugs in different
sections
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3.2 Start-Up Stage Analysis

After the initial phase of calculations, the OHP contains a random distribution of vapor plugs and
liquid slugs. The OHP enters the startup phase when a constant heat flux boundary condition is
applied to the evaporation section. During the startup phase, the working fluid inside different OHPs
undergoes three distinct processes: simultaneous upward flow in the channels, unidirectional cyclic
flow, and reverse flow [43]. Taking a straight-tube OHP with a diameter ratio of 1 (k=1) as an example,
the characteristics of vapor-phase distribution, temperature field, and pressure field during the
startup phase are explored, as shown in Figure 6-8.

As the walls of the evaporation section are heated, nucleate boiling occurs within the fluid,
leading to the random formation of vapor cores that generate small vapor bubbles. Simultaneously,
the existing vapor plugs initially located in the evaporation section expand as the liquid film
evaporates. Since the heating surfaces of the OHP's evaporation section are symmetrically arranged,
as depicted in Figure 6, the distribution of vapor and liquid can be observed. During the first 1 to 2
seconds of heating, the vapor plugs in both channels of the evaporation section move towards the
condensation section due to the expansion effect. At the same time, in the condensation section, the
pressure inside the OHP increases, resulting in a higher saturation temperature. Since the
temperature of the vapor plugs in the evaporation section is lower than this new saturation
temperature, the vapor plugs start to condense and shrink until they transform into smaller vapor
bubbles. This condensation process causes two adjacent liquid slugs to come into contact, forming a
larger liquid slug. After 2.5 seconds, the fluid inside the tube begins to flow in the clockwise direction
and exhibits accelerated movement. This is primarily due to the increasing pressure difference
between the left and right channels of the OHP's evaporation section as the vapor-liquid film within
the evaporation section continues to evaporate. When the pressure difference becomes sufficient to
overcome gravity and shear forces, the fluid inside the tube starts to flow in the same direction, and
the gravitational force that initially hindered the flow of liquid working fluid from the condensation
section to the evaporation section transforms into a driving force. However, after 3.5 seconds, almost
all the liquid working fluid flows from the condensation section to the evaporation section, and the
gravitational force acting on the liquid working fluid becomes a resistance. By the 4-second mark, the
working fluid not only fails to flow in the clockwise direction but exhibits slow counterclockwise
oscillations. This is because the substantial influx of low-temperature liquid working fluid into the
condensation section cools down the evaporation section, making it difficult for the evaporator and
condensation sections to establish a sufficient pressure difference to drive the working fluid to
continue flowing clockwise.
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In Figure 7, the temperature distribution within the tube at different times is depicted. During
the 1 to 2-second interval, the fluid in the evaporation section is heated by the tube wall, causing its
temperature to rise continuously. Notably, the vapor plugs experience a rapid temperature increase,
quickly reaching the wall temperature. In contrast, the temperature increase in the liquid slugs is
slower, primarily due to the substantial latent heat required for the liquid working fluid to evaporate
into a vapor [44]. As the vapor plugs expand along the two channels in the evaporation section after
2.5 seconds, the temperature rises within the adiabatic section near the evaporation section. The
fluid inside the tube exhibits a significant temperature gradient along the direction of fluid flow in
the evaporation section. After 2.5 seconds, as the working fluid flows clockwise, the low-temperature
working fluid from the condensation section flows downward into the evaporation section from the
right, while the high-temperature working fluid from the left flows upward into the condensation
section. This leads to a noticeable temperature difference within the tube. The high temperature
working fluid within the evaporation section cools rapidly upon reaching the condensation section,
and the vapor plug's temperature drops very quickly, reaching around 293.15K, which is the wall
temperature. The entry of the low temperature working fluid, especially the liquid phase, into the
evaporation section significantly reduces the maximum and average temperatures within the
evaporation section. By the 3.5-second mark, the highest temperature drops from 333.6K at 3
seconds to 325.3K. After 4 seconds, due to the low-speed oscillatory motion of the fluid inside the
tube, the working fluid in the evaporation section absorbs heat from the tube wall, causing it to rise
in temperature to the saturation temperature, leading to the onset of nucleate boiling. Meanwhile,
the working fluid in the condensation section continues to cool. As the temperature difference
between the evaporator and condensation sections increases, the OHP prepares for the next cycle
of fluid circulation.
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Figure 8 illustrates the pressure distribution within the pipe at different time points. Overall, the
internal pressure in the OHP exhibits a gradient, influenced by gravity, with the high-pressure region
consistently located in the evaporation section, and the highest pressure occurring at the bottom of
the evaporator [45]. During the period from 1 to 2 seconds, as the working fluid in the evaporation
section is heated and undergoes an increase in temperature, the overall pressure within the pipe
rises, and the pressure distribution in the channels on both sides of the adiabatic section becomes
more disparate. By 2.5 seconds, the pressure difference between the channels on both sides is
sufficient to overcome gravity and shear forces, enabling unidirectional flow of the working fluid. At
3 seconds, a large amount of low-temperature liquid-phase working fluid rapidly flows into the lower
part of the evaporation section, resulting in a "J"-shaped pressure differential distribution in the
evaporation section. By 4 seconds, as the working fluid within the pipe undergoes oscillatory and
slow counterclockwise movement, the pressure distribution in the channels on both sides of the
evaporation section returns to a state with minimal differences.
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The variation in working fluid temperature serves as a crucial indicator for assessing the
successful initiation of the OHP. Figure 9 depicts the transient time corresponding to the first
occurrence of temperature peaks and troughs in the evaporation section during the startup phase. It
is evident from Figure 9 that the OHP with a diameter ratio of 0.8 reaches its first temperature peak
at approximately 2.24 seconds, approximately 0.6 seconds earlier than the other OHPs. This is
primarily due to the larger diameter in the adiabatic section, where there is initially a greater amount
of liquid-phase working fluid. In contrast, the smaller diameter in the evaporation section makes it
easier for vaporized cores to generate vapor plugs in the confined space, resulting in the working
fluid in the OHP with a diameter ratio of 0.8 transitioning from upward flow to unidirectional flow
earlier. The three OHPs with diameter ratios of 1.0, 1.25, and 1.5 exhibit minor differences in the
moment of first temperature peaks, occurring at 2.82 seconds, 2.86 seconds, and 2.8 seconds,
respectively. However, there are significant differences in temperatures, measuring 328.1K, 325.0K,
and 324.2K, respectively. This is primarily due to the increased diameter ratio, leading to a larger
spatial flow domain in the evaporation section. Consequently, the larger amount of working fluid
being heated results in a slower temperature increase. As the working fluid within the pipe transitions
from upward flow to unidirectional flow, a substantial amount of low-temperature liquid enters the
evaporation section, causing arapid decrease in surface temperature. The temperature trough values
in the evaporation section for OHPs with different diameter ratios are 313.0K, 317.4K, 315.0K, and
314.7K, with time lags relative to the temperature peaks of 0.58 seconds, 0.58 seconds, 0.82 seconds,
and 0.81 seconds, respectively.
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Fig. 9. The evaporator temperature and time of the first
start-up with different pipe diameter ratios

Figure 10 illustrates the dynamic changes in vapor phase distribution for OHPs with different
diameter ratios during the startup phase between 6 and 14 seconds. To ensure that small vapor plugs
are not reduced or disappeared due to condensation, the longest vapor plug at the 6th-second
transient is tracked and denoted as 1#-vapor plug. It is evident from the composite figures that in the
vicinity of the evaporation section near the adiabatic section, there is a substantial mixture of vapor
and liquid in proximity to the wall, indicating that the liquid phase is heated to generate bubbles,
which serve as the driving pressure for the circulation of the working fluid within the tube. It's worth
noting that in the OHP with a diameter ratio of 0.8, bubbles are formed on the right straight tube
wall, whereas in the other diameter ratios, bubbles form on the left straight tube wall. This
discrepancy arises from the fact that the working fluid inside the OHP with a diameter ratio of 0.8
flows clockwise, while in the other diameter ratios, the working fluid in the OHP flows
counterclockwise [46].

The greater the velocity within a unit of time, the greater the displacement. In the OHP with a
diameter ratio of 1, the 1#-vapor plug covers a distance exceeding one full revolution during the
tracked time frame. However, in the other diameter ratios, the displacement of the 1#-vapor plug
remains less than one full revolution. The 1#-vapor plug in the OHP with diameter ratios of 1.25 and
1.5 has displacements close to one full revolution but does not complete it. Notably, in the OHP with
a diameter ratio of 0.8, the 1#-vapor plug exhibits the shortest displacement, covering only 3/4 of a
full revolution. This indicates that when the diameter ratio is 1, the average flow velocity of the
working fluid inside the tube is the highest, whereas for diameter ratios smaller than 1, the flow
velocity of the working fluid within the tube is the lowest.
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3.3 Stable Operations Stage Analysis

The temperature change is an important indicator to judge whether OHP is successfully started
[47]. Figure 11 (a) shows the average temperature Teva change curve of copper wall surface in the
evaporation section of OHP. It can be seen from the figure that, as the OHP enters the startup phase,
the wall temperature of the evaporation section of OHP with different pipe diameter ratios rises in
oscillation. With the passage of time, as the working fluids in different OHPs successively form stable
circulating flow, the wall temperature oscillation also begins to stabilize. The pipe diameter ratio has
a great influence on the temperature oscillation of OHPs. The peak value of the temperature
oscillation of the OHP with a pipe diameter ratio of 0.8 is much higher than that of other OHPs, up to
402.3K, and the temperature oscillation does not converge in the calculated period, indicating that
the OHP with a pipe diameter ratio of 0.8 has experienced heat transfer deterioration under the
heating power of 40W. The peak temperature of the equal diameter OHP (k=1) is 381.4K, and the
corresponding time is 26.9s. The peak values of temperature oscillation of OHPs with pipe diameter
ratio of 1.25 and 1.5 are both small and basically the same, which are 357.9K and 358.6K respectively.
It is worth noting that after the OHP is heated to 20s, the temperature oscillations of the OHPs with
pipe diameter ratios of 1, 1.25 and 1.5 converge gradually. The temperature oscillations of OHP with
pipe diameter ratio of 1 are larger, ranging from 351.1K to 374.6K, with a difference of 23.5K. The
temperature oscillations of the OHPs with pipe diameter ratios of 1.25 and 1.5 are 348.3K to 357.7K,
350.4K to 358.3K, with a difference of 9.4K and 7.9K. In short, the temperature oscillation amplitude
decreases gradually with the increase of pipe diameter ratio. Taking the 15s to 35s period as the
statistical interval, the oscillation frequencies of OHPs with pipe diameter ratios of 0.8, 1.0, 1.25 and
1.5 are obviously different, which has been oscillated for 3, 4, 8 and 7 times respectively.

The OHP structure with large pipe diameter ratio is conducive to improving the temperature
oscillation frequency. Figure 11 (b) shows the thermal resistance of the OHPs with different pipe
diameter ratios. Corresponding to the temperature curve, the thermal resistance of OHPs with pipe
diameter ratios of 1.25 and 1.5 is smaller than that of OHP with equal pipe diameter (k=1), Which the
values are 1.50K/W and 1.53K/W respectively. However, the heat transfer performance of the OHP
with the pipe diameter ratio of 0.8 decreased significantly, and the thermal resistance was 2.22K/W,
which was 27.6% higher than that of the OHP with the pipe diameter ratio of 1.
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Fig. 11. Temperature curves and thermal resistance of OHP with different pipe diameter ratios,
(a) Temperature curves, (b) Thermal resistance of the OHPs

The heat of the working medium in the OHP is taken away by the wall of the condensation section.
Figure 12 shows the instantaneous cooling power curve of the wall of the condensation section. The
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cooling power oscillation curves of OHPs with different pipe diameter ratios are very different.
According to the temperature curve in Figure 8, the peak value of cooling power oscillation increases
with the increase of temperature in the tube. The OHP with a pipe diameter ratio of 0.8 has the worst
heat dissipation, and there are only four strong oscillations with a cooling power greater than 40W.
The cooling power of the equal diameter OHP (k=1) is greater than 40W for 6 times, and reaches
101.6W at 21.8s. Compared with pulse OHPs with tube diameter ratios of 0.8 and 1.0, the number of
thermal transient power oscillations of 1.25 and 1.5 type OHPs with tube diameter ratios greater
than 40W is significantly increased, and the period of cooling power greater than 40W in the
oscillation cycle is longer, including 14 for 1.25 type OHPs, which is conducive to further reducing the
temperature in the pipe. Compared with pipe diameter ratios of 0.8 and 1.0, the number of power
oscillations greater than 40W is significantly increased for OHPs with pipe diameter ratios of 1.25 and
1.5, and the period when the cooling power is greater than 40W is longer. The OHP with pipe
diameter ratios of 1.25 has 14 times oscillations, which is conducive to further reducing the
temperature in the pipe. In the early period of time, the oscillation pattern of the OHP with the pipe
diameter ratio of 1.5 is like that of the OHP with the pipe diameter ratio of 1.25. However, the cooling
power oscillation frequency of the OHP with the pipe diameter ratio of 1.5 is significantly accelerated
after the 25s, and the peak cooling power is smaller than that of the OHP with the pipe diameter
ratio of 1.25 at the same period. This high-frequency and low amplitude cooling power oscillation is
conducive to reducing the temperature oscillation range of the OHP.
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Fig. 12. Instantaneous cooling power curves of condensation section wall, (a) k=0.8, (b) k=1.0,
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The research object is the straight part on the side where the working medium flows out of the
evaporation section in the OHP. Figure 13 shows the distribution of velocity cloud field when the OHP
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with different pipe diameter ratios are heated to about 10s and the cooling power of the condensing
section has a peak. The corresponding sampling time of case 1-4 OHPs is 10.15s, 9.84s, 9.94s, 9.33s,
and the corresponding peak heat release power is 48.6W, 78.8W, 62.1W, 62W, respectively. The
working fluid movement in the OHP has a great influence on the performance of heat transfer. From
the velocity cloud field diagram, the working medium flow velocity at both ends of the evaporation
section and insulation section of the OHP with a pipe diameter ratio of 0.8 is relatively large, and the
top of the evaporation section can reach 0.29m/s. However, the gradient of the velocity field in the
evaporation section is uniform, the wall velocity is small, and the middle velocity is large, which
indicates that there is less turbulence in the regional field, which is not conducive to the mutual
transformation of vapor and liquid phases and heat transfer. The OHP with a pipe diameter ratio of
0.8 has the largest diameter in the insulation section, where there is a large area of turbulence,
indicating that there is a strong vapor and liquid phases mutation [48].The fluid velocity field in OHP
with equal diameter (k=1) is relatively uniform, and the turbulent flow is more obvious in the area
where the evaporation section and the insulation section are connected, because the liquid phase is
heated and boiling in the area. As the OHP with pipe diameter ratio of 1.25 and 1.5 are small in the
insulation section, the flow velocity of working medium in the insulation section is relatively large. As
the pipe diameter ratio of 1.5 type OHP is larger and the pipe diameter in the insulation section is
smaller, the flow velocity in the insulation section is the highest, and the peak flow velocity in the
center of working medium is 0.41m/s. Compared with other OHPs, the flow velocity of the OHPs with
a pipe diameter ratio of 1.25 and 1.5 in the evaporation section and the condensation section is
smaller, and the turbulent flow area of the fluid in the evaporation section is large, which is conducive
to the full heat transfer of the fluid in this area, and promotes the cooling of liquid medium and the
condensation of the vapor.
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Fig. 13. Velocity flow field diagram of the OHPs with different pipe diameter ratios

4. Conclusions

This study establishes a mathematical model using the VOF two-phase flow approach to analyze
single-loop OHPs with varying diameter ratios. Key findings include:

i)  Intheinitial phase of OHP operation, the number of liquid slugs in the condensation section

is highly sensitive to the diameter ratio, with 9-10 slugs at diameter ratios of 1.25 and 1.5,
compared to 15 slugs at a ratio of 1.
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ii)  OHPs with a diameter ratio of 0.8 show the fastest startup but suffer from a 27.6% increase
in thermal resistance at 40W. Optimal heat transfer performance occurs at a diameter ratio
of 1.25, surpassing that of uniform diameter OHPs.

iii)  Larger diameter ratios decrease fluid velocity across the OHP but enhance turbulence,

improving heat exchange efficiency.

iv)  Increasing the diameter ratio leads to more frequent but lower-amplitude temperature

oscillations, contributing to greater operational stability.
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