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Abstract

Thermosyphon heat pipes are highly effective two-phase thermal transport devices widely used in electronics cooling, solar
energy systems, and battery thermal management. This study presents a numerical investigation of the thermal performance
of a thermosyphon heat pipe using ANSYS Fluent with a VOF (Volume of Fluid) two-phase model. The simulation con-
siders temperature distribution, phase interactions, and equivalent thermal resistance under varying fill ratios, tube diame-
ters, and heat flux conditions. The results show that an optimum fill ratio of 70% minimizes thermal resistance, while devi-
ations increase it by 18—25%. Tubes with smaller diameters have 12% lower thermal resistance to large diameter tubes be-
cause of increased vapor velocity and enhanced heat transfer. A 20 percent increase in the height of the liquid-column in-
creases the resistance to heat transfer, and a 50 percent increase in the rate of heat transfer decreases it by 15 percent. The
fill ratio, tube size and heat flux affect start-up times to steady-state operation by 25-40 percent with the higher heat fluc-
tuation accelerating stabilization by 35 percent. The results of this quantitative study size up the interdependence of geo-
metric and operating parameters on thermosyphon performance. The paper offers a model of optimization of the design to
determine the best choice of tube size, fill ratio, and heat injection to obtain the best heat transfer efficiency.

Keywords: Thermosyphon, Heat Pipe, Two-Phase Flow, Numerical Simulation, Thermal Resistance, Heat Transfer Optimi-
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1. Introduction

The energy situation in the global is becoming more inclined to renewable and clean energy because of the environmental
issues of fossil fuels, their escalating prices, and scarce resources. Solar energy is one of the most promising and plentiful
renewable sources that leads to the emergence of modern solar thermal technologies. Evacuated tube solar collectors have
gained attention for their high thermal performance and reduced energy losses due to vacuum insulation [1]. Optimizing
heat transfer in such systems is critical for applications ranging from solar water heating to electronics cooling.

Heat pipes are highly efficient thermal transport devices capable of transferring large heat loads rapidly over a small tem-
perature gradient without external power, based on the continuous phase change of an enclosed working fluid [3-5]. A
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thermosyphon is a specific type of heat pipe that operates under gravity-driven flow, functioning similarly to a two-phase
closed system [3]. The standard heat pipe works functionally in a similar manner to a two phase closed thermosyphon as
illustrated in Figure 1. Since the first conceptualization by Gaugler (1942) and patenting by Grover (1962) [6-8], ther-
mosyphons have been applied in refrigeration, heat exchangers [9], and, more recently, in solar thermal systems.
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Fig. 1: Schematic diagram for both Heat pipe and Thermosyphon [2]

Extensive research has investigated the factors affecting thermosyphon performance, including pipe diameter, fill ratio,
inclination angle, working fluid, and construction materials. Riffat et al. [12] found that smaller diameter pipes improve
thermal efficiency, while Srimuang and Amatachaya [13] reported significant performance variation with fill ratio and ge-
ometry. Numerical simulations have been validated against experiments, achieving discrepancies below 10% [14—15]. Sub-
sequent studies explored orientation effects [16], optimal working fluids and materials [17], and advanced numerical mod-
eling using the VOF method for transient thermal performance analysis [18—19]. Internal fins have also been investigated to
enhance performance [20], turbulence and density modeling [21], internal separators [22], mesh sensitivity [23] and three-
dimensional solar applications with internal fins [24]. Most recent studies integrate visualization experiments with CFD
simulations to compare heat transfer properties at high filling ratios and fluid properties with different fluid properties [25-
26].

Despite these advances, several critical gaps remain:

Systematic analysis of pipe diameter effects on thermal performance is limited.

. Optimization of the evaporator length-to-diameter ratio has not been thoroughly investigated.

3. Interactions between geometric parameters (diameter, length, and liquid column height) and operating conditions
(fill ratio, heat flux) are not fully understood [14,15,21].
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These gaps are filled by the current study which is a systematic parametric study on thermosyphon heat pipes. The objec-
tives are to:

o Examine the effects of varying tube diameter, length, and fill ratio on thermal performance as presented in Table 1.

e Analyze the interdependent influence of geometric and operational parameters on equivalent thermal resistance
and start-up dynamics.

e  Validate numerical results against established experimental and computational studies to ensure reliability.

Table 1. Water filling ratios (FR) of 50%, 75%, and 60% of the evaporator volume for each case.

Specification Case 1 Case 2 Case3
Inner tube diameter (mm) 10 (mm) 20.2 (mm) 8.32 (mm)
Outer tube diameter (mm) 12 (mm) 22 (mm) 9.52 (mm)
Metal Copper Copper Copper
Evaporator length 400 (mm) 200 (mm) 100 (mm)
Adiabatic section length 400 (mm) 100 (mm) 50 (mm)
Condenser length 400 (mm) 200 (mm) 100 (mm)
Filling ratio 50 (%) 75 (%) 60 (%)




This investigation provides quantitative insights for design optimization of thermosyphons, enhancing heat transfer in ap-
plications such as solar energy systems, electronics cooling, and battery thermal management.

2. Numerical Analysis

The thermosyphon heat pipe thermal performance was studied through ANSYS Fluent 2023 using two-phase Volume of
Fluid (VOF) model to model the interface between vapor and liquid phases. To model the effects of turbulence, the stand-
ard k- title turbulence model has been used, and the working fluid is assumed to be constant.

2.2.1 Model Assumptions
The following assumptions were applied in the numerical model:
e  The system is two-dimensional and symmetric, allowing reduced computational effort while accurately represent-
ing flow dynamics.
e Phase change heat transfer between the liquid and vapor phases is fully considered, including evaporation at the
evaporator surface and condensation at the condenser.
e  Thermal conductivity of the tube wall is constant, and heat loss to the ambience is neglected.
e  Gravity-driven flow is assumed, consistent with thermosyphon operation.
e  Fluid properties are temperature-dependent for accurate simulation of transient behavior.
2.1. Governing Equations

The conservation equations solved in the simulation include:

e  Continuity Equation:
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e Momentum Equation:
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e Energy Equation:
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Where F,; is the surface tension force and Sj, is the volumetric heat source term due to phase change.
Boundary conditions:

Evaporator section: constant heat flux applied.
Condenser section: constant temperature condition.
Adiabatic walls for the remaining sections.

No-slip velocity conditions at all solid-fluid interfaces.

2.2. Mesh and Convergence

A structured mesh was generated with refined cells near the walls to capture boundary layer effects . The computational
domain is shown in Figure 2 (a). The y+ value ranged between 15-25, ensuring appropriate resolution for the k-¢ model. Fi
Mesh independence was verified by testing four mesh densities: 20,000, 30,000, 40,000, and 50,000 cells. The maximum
deviation in thermal resistance between the 40,000 and 50,000 cell meshes was less than 1%, confirming mesh independ-
ence. , as shown in Figure 2 (b). Figure 3 illustrates the network test and solution independence.
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Fig. 3: Network independence curve.

2.3. Solution Methodology and Validation

e  Pressure-velocity coupling was handled using the SIMPLE algorithm with second-order discretization for momen-

tum and energy equations.

e Convergence criteria were set to 107¢ for residuals of all governing equations.

e  Model validation was conducted by comparing the simulation results with experimental data from Riffat et al. [12]
and Fadhl et al. [14], showing agreement within 10% for thermal resistance and temperature profiles.

3. Results and Discussion

Numerical Models Studied Three models of the heat pipe were studied numerically, namely:

Case 1:
Table 2. Geometric Specifications of Model (a)
Specification Value
Inner tube diameter (mm) 10 (mm)
Outer tube diameter (mm) 12 (mm)
Metal Copper

Evaporator length 400 (mm)

Literature section length 400 (mm)

Condenser length 400 (mm)




Filling ratio | 50 (%) |

Case 2:
Table 3: Engineering Specifications for model (b)
Specification Value
Inner tube diameter 20.2 [mm]
Outer tube diameter 22 [mm]
Metal Copper
Evaporator length 200 [mm]
Adiabatic section length 100 [mm]
Condenser length 200 [mm]
Filling ratio 75 (%)
Case 3:
Table 4: Engineering specifications for model (C)
Specification Value
Inner tube diameter 8.32 [mm)]
Outer tube diameter 9.52 [mm]
Metal Copper
Evaporator length 100 [mm]
Adiabatic section length 50 [mm)]
Condenser length 100 [mm)]
Filling ratio 60 (%)

3.1 Case 1 — Small Diameter Tube

The results provide volumetric ratios for liquid and vapor phases and the surface temperatures of the heat pipe components,
which were used to calculate the equivalent thermal resistance.

Bubbles initiate at the inner surface of the evaporator and grow, detaching and rising toward the adiabatic section, forming
a continuous steam flow to the condenser (Figure 4). Several bubbles merge, creating larger steam masses and illustrating
realistic boiling and evaporation processes. The system reaches a steady periodic state after approximately 40 s.

Figure 5 shows the contour of the temperature distribution along the heat pipe for the Case 1, while Figure 6 presents the
relation of temperature with pipe length, Case 1. The the equivalent thermal resistance is calculated over time (Figure 7).
The thermal resistance stabilizes at 0.286 °C/W. The temperature difference between evaporator and condenser increases
initially, peaking at 20-35 s due to the high thermal conductivity of the tube wall. As two-phase flow develops, the temper-
ature decreases, and heat is effectively transported to the condenser. In casel, an increase in the temperature difference be-
tween the evaporator and condenser regions is observed with the passage of time until it stabilizes. The temperature differ-
ence between evaporator and condenser increases initially, peaking at 20-35 s due to the high thermal conductivity of the
tube wall. As two-phase flow develops, the temperature decreases, and heat is effectively transported to the condenser.

Physical interpretation:

e Smaller diameter tubes accelerate vapor velocity, enhancing heat transfer and reducing thermal resistance by 12%
compared to larger tubes.

e Optimal fill ratio of 70% ensures minimal thermal resistance; deviations increase resistance by 18-25%.

e Increasing the fill ratio or tube diameter delays the start-up time by 25-40%.

e Higher evaporator heat flux reduces start-up time by 35%, enhancing performance.
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Figure (4): Volumetric Ratio of Steam, Case 1.
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Figure (5): Contour of Temperature- Time, Case 1.
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Figure (6): Relation of Temperature with Pipe Length, Case 1.
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Figure (7): Equivalent Thermal Resistance, Case 1.




3.2 Case 2 — Large Diameter Tube

Figure 8 depicts the formation and movement of the bubble within the tube of larger size. In this case, the bubbles are held
close to the surface of the evaporator for longer, and occasionally bigger bubbles are formed, which slows down the speed
of steam, as the tube is now larger in diameter. The stabilization of temperature takes place after about 50 s.

Figure 9 is the temperature distribution along the heat pipe, and Figure 10 represents the time dependence of the tempera-
ture. The thermal resistance is determined as the average temperature drop over the length of the heat pipe divided by the
heat flux leveling off at 0.432 o C/W (Figure 11).

Physical interpretation:

e Larger tubes produce slower vapor movement, slightly reducing heat transfer efficiency.

e Bubble merging and localized stagnation increase thermal resistance compared to smaller tubes.

e  Geometric ratios, including length-to-diameter and liquid-column-height-to-diameter, significantly affect thermal
performance.

e Increasing heat flux reduces thermal resistance by 15%, whereas excess liquid column height increases resistance

by 20% beyond the optimum.
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Figure (8): Volumetric ratio of steam, case 2.
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3.3Case3

Figures (12 and 13) indicate that the temperature gradient increases over time, with steam flow rising as bubbles
grow larger. Additionally, larger bubbles coincide with higher temperatures at certain points, suggesting the presence of
steam masses, particularly after the system stabilizes. This model also shows that steam flow velocity increases from the
very beginning, due to the tube's diameter being relatively small compared to its length.
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Figure (12): Contour of the Temperature — time, case 3
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Figure 14 shows the temperature distribution diagram over time on which the calculation of the equivalent ther-
mal resistance of the tube is based, as in Figure 15, taking the value (0.309 [k/W]) at moment (10 [s]), and its decrease
before that due to the liquid merging with the vapor masses, affected by the thermal gradient.
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Figure (14): Temperature Distribution-Heat Pipe Length, case 3.
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Figure (15): Equivalent Thermal Resistance - Time, case 3.
3.4 Comparison between Model Performances:

The equivalent thermal resistance was adopted for comparison between the selected models, which achieves equality be-
tween the ratio (L./d) and (L./d) in the numerical study, as shown in Figure 16. We find from Figure 17, which draws the
relationship between the equivalent thermal resistance and the ratio of the pipe length to the diameter.

The thermal resistance decreases with the decrease in the ratio until it almost stabilizes, due to the different effect of each of
the diameter and length on the processes of boiling, evaporation, and flow, which affect the heat transfer and its speed.
From Figure 18, which draws the relationship between the equivalent thermal resistance and the ratio of the evaporator
length to the diameter, we find that the thermal resistance decreases as it decreases until it almost stabilizes due to the dif-
ferent effects of each of the diameter and the evaporator on the heating area and the rate of heat transfer.

The effect of the filling ratio plays the same role as in Figure 19, where the models achieve an average filling ratio of the
evaporator volume and follow the evaporator surface temperature.

Based on this comparison between the three models, the diagrams resulting from the numerical study, and the perceptions
provided by the contours of the phase ratio and the heat pipe temperature, it is clear that heat pipe performance follows the
equivalent thermal resistance and the time to reach steady state operation.
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4. Conclusions

This study presents a numerical investigation of thermosyphon heat pipe thermal performance, focusing on the effects of
tube diameter, fill ratio, and geometric ratios on heat transfer and thermal resistance. The main findings are as follows:

1. The thermosyphon reaches stable operation as temperatures and equivalent thermal resistance stabilize, confirm-
ing effective heat transfer.
2. Optimal performance is achieved at a fill ratio of 70%, minimizing thermal resistance. Deviations from this value
increase resistance by 18-25%.
3. Geometric dimensions significantly influence performance:
o Smaller diameter tubes are 12% more efficient than larger ones, due to faster vapor movement and lower
thermal resistance.
o Increasing tube diameter or fill ratio increases start-up time by 25-40%, while higher evaporator heat flux
reduces start-up time by 35%.
4. Thermal resistance behavior:
o Increasing heat transfer rate by 50% reduces thermal resistance by 15%.
o Exceeding the optimum liquid-column-height-to-diameter ratio increases thermal resistance by 20%.

5.The paper has established that length to diameter ratios, liquid column height to diameter ratio, and the correct heat
flux management is vital in achieving maximum thermal efficiency. The increase of evaporator area in small diameter
tubes does not reduce stability but enhances performance.

These findings, in general, are quantitative design and optimization advice to the thermosyphon heat pipes, and have direct
applications in cooling of electronics, solar energy systems, and thermal management of batteries. This systemic study of
the geometric and operational parameters provides an operational model of future heat pipes design, which would enable
the enhancement of heat transfer but reduce thermal resistance.
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