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ABSTRACT

Closed-loop oscillatingseat pipesare a type of heat exchanger that transfers heat from a hot source to a cold
source by evaporating and condensing a fluid. In many studies using conventional refrigerants, the thermal
performance of these heat exchangersihas been investigated. In this study, the refrigerant R600a which is popular
in the refrigeration industry was used and the effects of evaporator temperature on the performance of the
exchanger were investigated. For this purpose, a laboratory closed-loop oscillating heat pipe was constructed
and, in addition to conducting experiments, the performance of the constructed device was also simulated
numerically. The governing equations were numerically solved using the finite volume method in the ANSYS-
Fluent software. In this analysis, the flow was consideredturbulent and had two phases of liquid and vapor. The
condenser temperature was 15 and the evaporator temperature was varied between 30 and 80 degrees. Then the
heat transfer from the evaporator to the condenser was calculated in different cases. The results showed that at
an evaporator temperature of 30 degrees, the heat transfer was 0.9 watts and at a temperature of 80 degrees, it
was 10.8 watts. Further increase in temperature may bring the device to.the drying limit.
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Introduction

Heat pipes are efficient passive heat transfer devices in
which thermal energy is transported by evaporation and
condensation of a working fluid. Closed-loop oscillating
heat pipes (CLOHPs) differ from conventional heat pipes
because they operate without a wick and rely on the
oscillatory motion of liquid slugs and vapor plugs.
Pressure variations produced by phase change drive the
working fluid, between the evaporator and condenser.
Their compact structure and passive operation make
themattractive for thermal management and refrigeration
applications.

Previous investigations have shown that the thermal
performance of oscillating heat pipes is influenced by
working-fluid properties, filling ratio, tube diameter,
number of turns, inclination angle, heat input, and
operating temperature [1-8]. R600a (isobutane) is an
environmentally favorable refrigerant with negligible
ozone-depletion effect andis'widely used.in refrigeration
systems. Nevertheless, its application in, closed-loop
oscillating heat pipes requires further investigation. The
contribution of the present work is the® combined
experimental and numerical investigation'of a three-turn
CLOHP charged with R600a, with particular emphasis
on the effect of evaporator temperature onzheat transfer
and transient two-phase flow.

IMethodology

A three-turn closed-loop oscillating heat pipe ‘was
fabricated from a copper tube with an internal diameter
of 2 mm and an external diameter of 4 mm. The device
consisted of an evaporator, an insulated adiabatic section,
and a condenser. Separate water baths provided the
thermal boundary conditions. The condenser temperature
was maintained at approximately 15 °C, while evaporator
temperatures of 30, 50, 60, and 80 °C were investigated.
Twelve locations along the heat pipe were monitored
using an infrared thermometer with an accuracy of £0.1
°C.

Before charging, the heat pipe was evacuated and
then charged with liquid R600a. The filling ratio was
61%, and the operating pressure was approximately 450
kPa. The heat transfer rate was determined from the
temperature increase of the condenser water using

Q=mCAT /t. Measurement uncertainty was
evaluated using the error-propagation method.

A water bath was used to impose the evaporator
boundary condition and an additional bath was used to
remove heat from the condenser. After the required
evaporator temperature was reached, temperatures at the

twelve measuring positions were recorded during
operation. The condenser-water temperature was
measured at the beginning and end of the test interval and
was used to calculate the average transferred heat. The
observed temperature  oscillations provide an
experimental indication of the periodic movement of the
liquid and vapor plugs. Because the heat pipe was
operated as a closed loop, the circulation was sustained
by pressure differences generated by evaporation in the
heated region and condensation in the cooled region.

For numerical analysis, ANSYS-Fluent was used to
solve the governing continuity, momentum, and energy
equations by the finite volume method. The flow was
considered transient, turbulent, and two-phase. The
Volume of Fluid (VOF) model was used to track the
liquid—vapor  interface, and  evaporation and
condensation were represented using the Lee model. A
time step of 0.0005 s was employed. The numerical
model considered R600a as the working fluid in liquid
and vapor phases. The VOF formulation was selected
because the location of the interface between the two
phases changes continuously during oscillatory motion.
The Lee phase-change formulation was used to represent
mass transfer caused by evaporation and condensation.
The computational analysis was transient so that the
development of oscillations and the approach to a stable
flow regime could be followed rather than only
evaluating a steady-state solution.

Grid-independence analysis showed that a mesh of
625,514 cells was adequate, because further refinement
changed the calculated heat transfer by only about 0.3%.
The numerical model was validated against published
results;” with maximum differences of approximately
4.87%, 2.72%,and 5.15% for the investigated sections.

IResultsand Discussion

Experimental temperature histories showed pronounced
fluctuations,in the condenser region, while temperatures
near the evaporator (were comparatively stable. The
fluctuations are associated”with repeated evaporation,
condensation, and-oscillatory-movement of liquid and
vapor phases.

The heat transfer rate increased< markedly with
evaporator temperature. The measured, rates were
approximately 0.90 W at 30 °C{3.61 W at 50 °C, 5.41 W
at 60 °C, and 10.82 W at 80 °C. Thus, increasing the
evaporator temperature substantially enhanced thermal
performance. The increase in heat transfer is attributed to
the greater temperature difference <between  the
evaporator and condenser and the consequent
intensification of evaporation and pressure oscillations.



Stronger pressure fluctuations increase the oscillatory
circulation of the two-phase working fluid and enhance
transport of thermal energy to the condenser.

The experimental results indicate that the increase in
heat transfer was particularly strong between the lowest
and highest tested temperatures. From 30 to 50 °C, the
heat transfer rate increased from 0.90 to 3.61 W. At 60
°C it reached 5.41 W, and at 80 °C it reached 10.82 W.
Therefore; the highest tested condition transferred
approximately ‘twelve times as much heat as the 30 °C
condition. This trend confirms that the phase-change
activityrof;R600a becomes increasingly effective as the
evaporator temperaturenis raised within the investigated
range.

The numerical temperature histories reproduced the
main experimental trendy,with strong fluctuations near
the condenser and relatively stable temperatures near the
evaporator. Differences in instantaneous fluctuation
amplitude are associated mainly with.the much smaller
temporal resolution of the numerical simulation
compared with experimental measurements.

The numerical liquid-volume-fraction centours
showed simultaneous liquid and vapor phases and the
development of oscillatory flow with time. The liquid
volume fraction initially decreased because evaporation
temporarily exceeded condensation; it subsequently.
approached a nearly constant value as evaporation and
condensation became dynamically balanced. The
temperature contours showed that the evaporator ‘and
condenser remained close to their prescribed
temperatures, while the main temperature variation
occurred through the adiabatic region. The calculated
heat transfer rate reached a maximum during the early
stage of operation and then decreased with oscillations
before approaching a stable wvalue, indicating
development of a quasi-steady oscillatory regime.

The combined results demonstrate that evaporator
temperature is a dominant operating parameter for the
investigated R600a heat pipe. However, the improvement
cannot be extended indefinitely. Excessive evaporator
temperature can reduce the available liquid inventory and
cause dry-out, which may interrupt the oscillatory flow
and sharply reduce heat transfer.

The comparison between numerical and experimental
temperature histories shows the same overall thermal
response. In particular, both approaches identify stronger
temperature fluctuations near the condenser and smaller
fluctuations near the evaporator. The numerical solution
resolves short-time variations that cannot be fully
captured by the experimental measurement procedure.
Nevertheless, the average numerical temperatures remain
consistent with the measured values. The independent
validation reported in the study also produced maximum

differences below approximately 5.2% for the examined
locations, supporting the suitability of the computational
approach for analyzing the present two-phase heat-
transfer problem.

IConclusions

An experimental and numerical study was conducted to
determine the effect of evaporator temperature on a three-
turn closed-loop oscillating heat pipe using R600a.
Increasing the evaporator temperature from 30 to 80 °C
increased the heat transfer rate from approximately 0.9 to
10.8 W. Experimental and numerical results showed
consistent temperature behavior and confirmed the
development of liquid—vapor oscillatory flow. Heat
transfer was highest during the initial stage and then
approached a stable value as the flow developed. Among
the investigated conditions, 80 °C provided the highest
thermal performance. Nevertheless, further temperature
increase may cause dry-out and interruption of heat
transfer; therefore, appropriate control of evaporator
temperature and liquid inventory is essential.
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Figure 1: Schematic diagram of the oscillating heat pipe
apparatus (dimensions in millimeters.)
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Figure 9: Temperature variations of points 7 to 12 with time for 4 evaporator temperatures
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Table 1: Heat transfer rates at 4 evaporator temperatures
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Table 2: Influential parameters.in the calculation of heat transfer rate uncertainty
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Figure 10: a) Regular quadrilateral cells b) Trapezoidal cells
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Table 3: Effect of the computational network on the amount of heat transfer in condenser
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Table 4: Properties of refrigerant R600a
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Figure 12: Temperature distribution diagram along pipe 2
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Figure 13: Temperature distribution diagram along pipe 5
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Figure 14: Temperature of points 1 to 6 i r an evaporator temperature of 60 degrees

335

t(s)

az 0 P+ yeilplal slod Gy o) caws pIT B Y sbaakis glos N0 JC&
Figure 15: Temperature of points 7 to 12 over time for an evaporator temperature of 60
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Table 5 - Comparison of statistical characteristics of experimental and computational temperature distributions
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Figure 16: Comparison of point 1 temperature over time for.an evaporator temperature of 60 degrees using two
experimental and numerical.methods.
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Figure 17: Comparison of point 4 temperature over time for an evaporator temperature of 60 degrees using two
experimental and numerical methods.
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Figure 18: Comparison of point 8,temperature over time for an evaporator temperature of 60 degrees using two
experimental and numerical methods.

335

T(K)
325-

320+

310

305

300 - . T . T —
0 5 10 15 20 25 30 t(s) 40

GOUE g (2335 (P9 90 d dz 30 P 595l pmlgl Glod (gl p o) w9 1) aladl olod anns Lo 1] ST
Figure 19: Comparison of point 11 temperature over time for an evaporator.temperature of 60 degrees using two
experimental and numerical methods.
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Figure 20: Volumetric contour of the liquid phase at 10 seconds.
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Figure 21: Volumetric contour of the liquid phase at 20 seconds.
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Figure 22: Volumetric contour plot of the liquid phase at 30 seconds.
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Figure 23: Volumetric contour of the liquid phase at 40 seconds.
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Figure 24: Temperature distributioncontour along the pipe at 10 seconds.
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Figure 25: Temperature distribution contour along the pipe at a time of 20 seconds
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Figure 26: Temperature distribution contour along the pipe at 30 seconds.
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Figure 27: Temperature distribution contour along the pipe at a time of 40 seconds
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Figure 28: Heat transfer changes in the condenser with time at an evaporator temperature of 60 °C
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Figure 29: Changes in liquid volume fraction with time for an evaporator temperature of 60°C.
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Figure 30: Heat transfer versus@vaporator temperature for experimental and numerical cases
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