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Abstract 

This paper deals with the experimental analysis and numerical simulation of a two-phase closed thermosyphon 

(TPCT) in the aim to predict its transient performances. A concern in the design and operation of TPCT is 

evaluating working fluid loading charge to maximize performance while avoiding dryout in the evaporator 

section and geyser boiling phenomena. The model includes the heat transfer through the wall, vapor core, liquid 

pool and the falling condensate film. The complete two-dimensional conservation equations for mass, 

momentum, and energy are solved using a finite volume scheme for the vapor flow and pipe wall. The liquid 

film is modeled by using one dimensional quasi-steady Nusselt type solution. An experimental facility has been 

also designed and operated to determine the operating condition and measure the maximum heat transport rate 

and the overall thermal resistance of the TPCT. The total length and diameter of pipe are 500 mm and 35 mm, 

respectively. The experiments have been performed in the heat transfer range of 30–700 W and filling ratios of 

16, 35 and 135%. The numerical predictions for the maximum heat transport rate due to transient local dryout 

are shown to be in close agreement with the experimental results under normal operation. However, for obtained 

liquid film dryout a discrepancy is observed. The geyser boiling is also evaluated under certain operating 

condition. 
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1. INTRODUCTION 

Heat pipes have emerged as the most appropriate technology and cost effective thermal control solution due 

to their excellent heat transfer capabilities [1, 2]. A special heat pipe where the condensed liquid moves to 

the condenser by gravity is two phase closed thermosyphon (TPCT), without capillary structure. TPCT can 

be used in much wider thermal and temperature ranges than a wicked heat pipe, since it does not have the 

large flow resistance or low boiling limit inside the wick, as the condensate liquid in the TPCT is returned to 

the heated side of the system under the effect of gravity, instead of capillary forces in wicked HPs. 

Thermosyphon can operate even against gravity with good performance with respect to the classical capillary 

loops [3]. However, TPCTs have major limits on the maximum amount of thermal energy that can be 

transferred due mainly to  dryout, flooding and entrainment limits [4]. 

Thermosyphon is a highly performing device if applied to ground thermal engineering applications and in 

particular for solar energy systems. TPCTs could also find application in chemical and petroleum industry, 

electronic cooling, telecommunication devices, energy storage systems, railway transportation systems, 

thermoelectric power generators, and defrosting applications in heat pumps [5-13]. 

Even their large use, their design is basically only few inaccurate correlations that have been mostly developed 

for two-phase thermosyphon in vertical position.  The use of TPCTs for different heat transfer applications has 

led to develop several mathematical modeling and predictive tools. In the effort to meet this demand, several 

papers has been presented dealing with tools ranging from the simple lumped capacity models [14-16] up to 

complex transient multi-dimensional simulation. The most complex modeling approaches are based on the 

physical equations which describe the heat and mass flow rate in all the thermosyphon sections: evaporator, 

adiabatic and condenser zones. In these models, vapor and liquid inside the thermosyphon have been separately 

considered. 

The prediction of the performance and the thermal behavior of a thermosyphon are mostly affected by the heat 

transfer in the evaporator and in the condenser sections that is usually with correlations and physical modeling. 

Regarding with the condenser the Nussel’ts approach is basically used to predict the condensing performances 

[1]. In 2001, Pan [17] developed an one-dimensional, steady state model that introduced the viscous force at the 

vapor-liquid film interface. The numerical results indicated that there exists a discrepancy between the Pan’s 

model and Nusselt’s solution especially in high confinement conditions. Harley and Faghri [18] in 1994 



 

 

presented a model that coupled a general quasi-steady Nusselt type solution of the falling film with the complete 

two-dimensional vapor solution in order to simulate the transient behavior of TPCT without considering liquid 

pool. Jiao et al. [19] developed a new steady state model, based on experimental previous observations. They 

affirm that three types of flow pattern and two types of transition can be observed, according to the distribution 

of liquid film and liquid pool can be observed during the thermosyphon operations. The model is mainly based 

on the classical boiling Rosenhow’s correlation. It accurate matches the experimental data and can be used to 

predict the effects of filling ratio on dryout, flooding and boiling limits. The real limit of this model it cannot 

simulate the unsteady violent boiling in the liquid pool that affects so much the thermosyphon performances. 

Recently, Shabgard et al. [20] numerically developed a two-dimensional model to simulate the transient 

operation of a TPCT with various filling ratios, defined as the ratio of charged liquid volume to the evaporator 

volume is one of the most important factors. This model is based on the model for the condensate previously 

developed by the author in 1994 [18]. This model has been compared with steady state experimental results with 

a good accordance. The authors used this model for finding the optimally filled thermosyphon that minimizes the 

thermal resistance. They affirm that the best thermosyphon is at optimal filling ratio with a small amount of 

additional working fluid. A critical point in the thermosyphon analysis is observed at the connection between the 

laminar condensation falling film and the upper level pool, because sometimes a local dryout condition has been 

numerically observed, however, this model has been validated only with steady-state experimental data and with 

filling ratio of 36% and 160%.  

As just mentioned before, the heat transfer performance of a TPCT is significantly affected by geometry, 

inclination angle, vapor temperature and pressure, working fluid and mostly filling ratio affecting limitations 

and performances. For instance, in solar thermal applications, TPCT-solar thermal system is highly 

dependent on the filling ratio [21]. Selection of optimum filling ratio for solar thermal application is highly 

important, as during startup and operation at low heat fluxes, the oscillation phenomenon may occur. In the 

past the effect of filling ratio has been largely investigated. Payakaruk et al. [22] investigated the TPCT heat 

transfer performance by using different working fluids (R22, R123, R134a, ethanol, and water), at different 

filling ratios (50-100%), different orientations (5°-90°) and different ratios of evaporator length to diameter 

(5-40). They found that, the filling ratio has no effect on the ratio of heat transfer characteristics at any angle 

to that of the vertical position, but the properties of the heat transfer coefficient affected the heat transfer rate. 



 

 

Park et al. [23] investigated experimentally the effect of filling ratio (10-70%) of a copper TPCT (D=22 mm) 

filled with FC-72 with a heat input ranged from 50 up to 600 W. They observed that for the small filling ratio 

(less than 20%), the critical limitation is the dryout, while for the large filling ratio (50%) the flooding 

limitation is occurred. Noie [24] experimentally analyzed the effects of filling ratio (30-90%), at different 

input heat rates (100-900 W), for a thermosyphon filled with water. He evaluated the optimum filling ratio at 

different evaporator lengths. Ong et al. [25] experimentally investigated a TPCT filled with R410a and water 

at different filling ratios (0.25-1), inclination angles (30˚-90˚) and power input (100–830 W). The results 

showed that the evaporator wall temperature was not uniform especially at high power input, low filling 

ratios and large inclinations. Abreu and Colle [26] presented the experimental analysis of the thermal 

behavior of TPCTs with different evaporator lengths (1000, 1350 and 1500 mm), filling ratios (60% and 

80%), cooling temperatures (20˚C and 40˚C) and inclinations (30˚ and 45˚). They basically showed that an 

increase in filling ratio from 0.6 to 0.8 lead to increase in the evaporator temperature especially at high input 

heat fluxes.  

This literature review shows that the filling ratios affect so much the heat transfer performances and the 

maximum heat flux of a thermosyphon. Even if a large number of experimental data at different operative and 

geometrical conditions has been presented the effect of filling ratio seems to be almost unclear. Some results 

appear contradictory among them especially on the dryout insurgence. The oscillation in the pool mass and the 

oscillating level can strongly influence the dryout insurgence, especially in case of small amount of liquid in the 

evaporator. In order to understand the effect of filling ratio a transient analysis of a thermosyphon must be 

absolutely made. From the literature it is found that the dryout limit in transient operation is few investigated, as 

well as the transient behavior of the liquid pool. To authors’ knowledge, a joined numerical and experimental 

investigation of the thermal behavior of TPCTs under transient operation at low filling ratios has never been 

carried out. For this purpose, a transient 2-D numerical model is presented mainly based on the Shabgard et al. 

[20] approach. Furtherly a specific experimental setup has been designed aimed to understand the transient 

thermal behavior the thermosyphon at different filling ratios ranged from 16, 35 and 135%. A good accordance 

between the experimental and numerical data has found under transient operation. The experimental results 

joined with the mathematical model have allowed a dynamic analysis of the thermosyphon. 

 



 

 

2. OPERATING PRINCIPLES AND METHODOLOGY  

A TPCT consists of three different sections: an evaporator, a condenser and an adiabatic section (see Fig. 1).  

To determine the TPCT performance, it is worth describing the thermal-fluid phenomena inside it. In such a 

device, the input power is supplied through the evaporator wall to the working fluid and the liquid contained 

in the pool inside the evaporator starts to evaporate. Vapor flows upward inside the pipe up to the condenser 

where condenses at the inner pipe wall. Film condensation starts at the condenser inner walls and the film 

thickness highly affects the fluid dynamics of vapor flow in the core region. In the case of a low vapor 

velocity, the liquid film increases the thickness falling down counter currently to the vapor.  

To design a TPCT, there is need to determine the working fluid filling ratio to maximize its performance 

while avoiding the dryout of the liquid film in the evaporator section. The minimum filling ratio that keeps 

the TPCT having a circulation of vapor and liquid film at a given heat input is called optimum filling ratio. 

When filling ratio is more than optimum one, the liquid film and liquid pool are continuous. However, when 

filling ratio is less than optimum, a film dryout in the evaporator could occur [19, 31]. It is considered in the 

numerical simulation that dryout limit is reached when the liquid pool is completely dried out (Lp=0). 

Depending heat flux and filling ratio, it is also possible to reach dryout in the liquid film above the liquid 

pool level (when the mass flow rate of liquid film goes to zero before reaching the surface of liquid pool): 

this phenomenon is referred to as local dryout. This can occur due to the effects of the high evaporation rate 

and interfacial shear, leads to prevent the down flow of liquid. 

A high filling ratio of the working fluid, although avoiding liquid film dryout in the evaporator, could 

degrade the TPCT performance. Since the liquid film heat transfer coefficient is significantly higher than that 

of the liquid pool, as the liquid pool height in the evaporator increases (the liquid film length decrease) with 

increasing filling ratio, the effective conductance of the TPCT evaporator decreases. Another reason to find 

the optimum filling ratio is that a high filling ratio in some high temperature thermosyphons causes vibration 

of the thermosyphon due to geyser boiling [32-34]. Geyser boiling is an unstable phenomenon inside 

thermosyphon due to vapor that generates and expands suddenly due to hydraulic head reduction, and may 

cause vibration and damage of the pipes. The geyser boiling puts no limitation on thermal performance of 

thermosyphon, but it should be avoided because it damages the condenser end cap due to the slug impact. 



 

 

It is clear that an optimum filling ratio selection could improve the system performance due to lower thermal 

resistances and response times. Therefore, the study of the thermal performance of the TPCT with a low 

filling ratio is a matter of interest and this paper presents numerical and experimental methodologies to 

evaluate heat transfer characteristics and operating limitations of a TPCT. 

 

3. MATHEMATICAL MODEL 

According the model proposed by Shabgard et al. [20] the thermosyphon has been basically divided into three 

different sections: liquid pool, falling film liquid and vapor core, as shown in Fig. 2a, as well as block diagram 

of numerical proceed (Fig. 2b).  

For the model description convenience, the thermal-fluid phenomena occurring inside the working fluid are 

however divided into 4 different zones, namely: the vapor core, the metallic case, the pool and the laminar film. 

A transient two dimensional approach has been applied to the heat, mass and momentum balances for the case of 

vapor zone and the pipe wall. An one-dimensional quasi-steady approach has been used to simulated the liquid 

film and a the liquid pool. The model has been developed similarly to that of [20] in which there are some 

differences in the heat transfer correlations in the liquid pool as discussed in above section. The assumptions 

made in this analysis are: the condensate liquid film is quasi-steady, temperature distribution inside liquid film is 

linear, the liquid film thickness is so small (respect to vapor space), the vapor is an ideal gas, the condensate flow 

is one-dimensional (i.e. it lacks a radial velocity component), the condensate flow occurs at the working fluid 

saturation temperature, all thermophysical properties are constant, and expansion of the liquid pool due to the 

formation of vapor bubbles is neglected.   

As first hypothesis the vapor is considered a compressible and laminar vapor flow with constant viscosity. The 

vapor space is a cylinder and the mass, momentum and energy equations in cylinder coordinates are considered, 

where u and v are the axial and radial velocity components, V is the velocity vector and Φ is the viscous 

dissipation term relative to the working fluid.  
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The heat transfer through the heat pipe wall is transferred by conduction, where ρw and cp,w are the density 

and specific heat of pipe material. 
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The falling film along the wall has been modeled with a quasi-steady Nusselt type analysis. Fig. 2a shows a 

control volume inside the liquid film. For each control volume the mass, momentum and energy balances 

have been considered. The momentum equation balance aims to determine the hydrodynamic behavior of 

liquid film,  
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Dealing with the mass term it is possible to affirm that the mass that enters in a liquid film fixed control 

volume can be due to different phenomena: the condensation/evaporation of vapor and liquid film from the 

upper volume, the mass flow rate of liquid film (Γ) (y direction) and the vapor mass 

condensation/evaporation rate per unit length along its width (ṁv) (radial direction), where the δ is the liquid 

film thickness, ul is the axial liquid velocity, vv is the radial vapor velocity 
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The liquid pool has been divided into several volumes where the mass and energy equation have been 

considered. The filling ratio of the working fluid in the evaporator section is determined from the overall 

mass balance in the thermosyphon. This mass balance accounts for the liquid film in the condenser, 

adiabatic, evaporator sections and liquid pool regions in the evaporator section and for the vapor in the 

thermosyphon cavity. The liquid pool temperature is determined by solving the heat conduction equation and 

the total liquid film mass and vapor mass inside the thermosyphon have been used to evaluate the liquid pool 

height (Lp) during the transient operations. As mentioned before at t=0, the initial height of the liquid pool 

can be obtained by considering that no liquid is along the wall.  



 

 

The heat transfer mechanism at the evaporator section depends on the filling ratio and the heat flux. The 

condensation heat transfer coefficient in a TPCT is usually given by the falling film thickness according to 

Nusselt's correlation  
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Hashimoto and Kaminaga [27] found that the condensation heat transfer values are smaller than those 

calculated from the Nusselt theory, due to a confinement effect that makes more critical the vapor 

entrainment. Thus, they proposed a correlation taking into account the fact that at lower heat fluxes the film 

thickness is smaller, combined with the knowledge that the amount of entrainment increases as the density 

ratio increases (l/v), 
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where the f factor is due to the confinement effect and it is equal to 0.6. In 2010, Jouhara and Robinson [28] 

modified the f factor (f=0.14). For the evaporator the working fluid inside the evaporator shows three basic 

sections: the liquid pool, the liquid film and the upcoming vapor. Therefore, the heat transfer mechanism at 

the evaporator section could be more complex. Dealing with the liquid pool, different heat transfer regimes 

can be observed: single phase natural convection (at low heat fluxes), two-phase natural convection (at 

intermediate heat fluxes) and nucleate boiling (at high heat fluxes). According El-Genk and Saber [29], the 

occurrence of one of the different regimes depends on the complex combination of geometry, filling ratio 

and heat flux. Single phase natural convection is usually neglected. In this paper, the natural convection 

regime defined by 
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According by El genk and Saber [29], the use of the classical correlations developed for unconfined boiling 

could generate errors, because they do not take into account the effect of local mixing along the heated wall 

between the rising bubbles. In order to select the most appropriate heat transfer correlation during operation 

El-Genk and Saber [29] proposed a criterion to define the heat transfer regime inside the pool, based on 

dimensionless parameter 
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where X is the dominant heat transfer regime and  is the mixing coefficient. Heat transfer of the pool is 

dominated by natural convection if X < 10
6
. Two-phase convection is considered if 10

6
X 2.1×10

7
 while 

nucleate boiling is considered if X > 2.1× 10
7
. The criterion proposed in [29] is considered in this study, as 

well as two-phase convection correlation 
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The correlation defined by Imura et al. [30] is used to predict the nucleate boiling regime, as will be shown 

later; Imura correlation [30] can predict the measured values in reasonable agreement 
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Concerning applied boundary conditions (see Fig. 2a), at the centerline, the radial vapor velocity, the radial 

gradients of axial velocity and the radial gradients of temperature are all considered equal to zero. At both 

ends of the thermosyphon (bottom and upper cap) the no-slip condition for velocity field and the adiabatic 

condition for temperature field are applied. Concerning interface boundary conditions, at the liquid film-wall 

interface, at any axial position above the pool, the heat flux into and output of wall is given by  
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where Rfilm=δ/kl is the thermal resistance of the liquid film in the all the section except for the condenser 

section. In this paper, the film thickness thermal resistance in the condenser section has been taken equal to 

that proposed by [35]. 

If the liquid the film thickness above the pool is equal to zero, the thermosyphon is in local dryout condition. 

In this case, it is considered no evaporation and condensation and that the local vapor velocities close the hot 

surface is negligible. The temperature field is given by 
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The governing equations are solved by using the control volume finite difference approach described by 



 

 

Patankar [35]. A combination of direct method and the Gauss-Siedel method has been applied to solve the 

equations. The SIMPLER algorithm [35] is used to solve the differential balance equations described before. A 

code written in FORTRAN language was developed to numerically solve the problem by using a structured 

staggered and non-uniform grid system. Grid independence by the code was investigated by varying the number 

of axial and radial grids.  The minimum values for grid size is 14×80 (r–z). The converged solution is assumed to 

be reached when the relative change of the velocity, pressure and temperature is less than 10
-6
. Concerning the 

initial conditions, the temperature of the TPCT has been considered equal to the environmental temperature and 

the initial pressure is set to be equal to the saturation pressure at the initial temperature. 

 

4. EXPERIMENTAL PROCEDURE 

4.1 Experimental apparatus 

In order to dynamically evaluate the thermal performances and the operating limitations of a TPCT a specific 

experimental setup has been designed and realized. 

The experimental system consists of: the cooling flow loop, the test cell and the control and acquisition systems 

(Fig. 3).  

The TPCT is made of a smooth copper pipe with a 35 mm outer diameter 500 m long and 1 mm thick, The 

thermosyphon is closed at the ends with two 3 mm thick copper caps. The evaporator section is uniformly 

heated by using silicon thermofoil heater, 75 mm long, (model MINCO HK5488R17.2L12A) clamped to the 

external evaporator wall surface. Heaters and blocks were covered with several layers of polymer insulation 

to minimize heat loss from this section. The power input is supplied by a DC Power supply (Agilent 

DC6575A) with a maximum power output of 700 W which has an accuracy of 1 percent of reading.  

The condenser is cooled by, water coming from a cooling bath (HAKKE F-3C DIN 58966). It consists of a 

150 mm long copper pipe mounted around the TPCT, with an outside diameter of 42 mm and a wall 

thickness of 1.25 mm. An electromagnetic flow meter (Siemens SITRANS F M MAGFLO5000) allows the 

mass flow rate measurement of the cooling water with an accuracy of about 1%. Two thermocouples in 

located at the condenser inlet and outlet and the mass flow rate measurement allow to calculate the cooled by   



 

 

condenser section to be calculated. Table 1 and Table 2 list the detailed specification and operating 

parameters of the TPCT. 

All the TPCT wall temperatures were measured using eleven T-type thermocouples, which have been 

calibrated with an accuracy of 0.2˚C. The thermocouples (T1 to T11) mounted along the wall in the 

evaporator, adiabatic and condenser sections are shown schematically in Fig. 3. In the evaporator end cap, a 

pressure transmitter (PTX7511 accuracy of 0.15%) is installed to measure vapor pressure. All the signals to 

monitor TPCT temperature and pressure and cooling mass flow rate are acquired by the Agilent HP32790 

data acquisition system, and stored in a computer. To evaluate of the effect of filling charge of fluid on the 

performance of the TPCT, experiments were performed with a fluid charge of 10 to 85 ml of degassed, ultra-

pure water, which this corresponded to a filling ratio from 16% to 135%. 

 

4.2. Experimental procedure, data reduction and uncertainty analysis 

The experiments were performed with the TPCT in the vertical position. As each run starts the cooling water 

temperature is set and all the systems is keep at the condensing temperature before the power supplying. 

Then, input power is set to the starting value with a step heating  and the dynamic behavior can be observed 

up to a steady state regime, afterwards the input power is set the next step The temperature of the input and 

output cooling water and the outside thermosyphon walls along the axial length is measured over time. In the 

data analysis, the average heat transfer rate into the evaporator output of condenser section was applied. The 

measured variables in the experimental analysis are: heat rate applied to the evaporator section (Qin), heat 

output of the condenser section (Qout) temperature of inlet (Tin) and outlet of coolant water (Tout), mass flow 

rate of the coolant water (m), wall surface temperatures and vapor pressure. From the measured data of wall 

temperature and vapor temperature (equivalent to the wall temperature of adiabatic section), the heat transfer 

coefficient in the evaporator (he) and condenser section (hc) can be evaluated using the following equations: 
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where T,e,ave and Tc,ave are average evaporator wall temperature (T1, T2 and T3) and average condenser wall 

temperature (T10 and T11), respectively, Tv is average adiabatic temperature and Qav is average input 

The rate of heat removal from the condenser section is calculated from the following relation:  

)( inoutpav TTCmQ     (18) 

The experimental uncertainties of the various parameters: heat input, thermal resistance and heat transfer 

coefficients are calculated. The relative experimental uncertainty can be described for the variable R = R(x1, 

x2, . . . , xn) as: 
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where P is the bias limit of the variable R. From above equations and mentioned uncertainty of apparatus, the 

relative uncertainties of the output heat flux from condenser section is estimated between 6.8% for low input 

power and improved to 4.8% for the higher power settings.  

 

5. RESULTS AND DISCUSSION  

5.1. Transient behavior of the TPCTs  

A set of tests and numerical simulations were performed to investigate the thermal performance of the TPCT 

under normal and operating limitations (dryout and geyser boiling oscillation) at varying filling ratios and 

heat fluxes. The overall thermal resistance, evaporation and condensation heat transfer coefficients of the 

TPCT are also evaluated. 

Before introducing the steady state operation of thermosyphon at different filling ratios, the transient 

behavior of the system is thermosyphon from normal to limiting operation at two filling ratios. Fig. 4 shows 

the average wall temperature variation of evaporator, adiabatic and condenser sections as well as output heat 

flux from condenser section at the heat flux ranged 30 to 700 W and filling ratio of 16%. The zero of time is 

taken as the certain moment at which the output power was increased. It is found that the normal operation 

continues up to heat transfer rate of 600 W. With increasing heat flux, the wall temperature at the evaporator 

section starts to increase suddenly due to dryout, the heater is switched off.  

 



 

 

In other case, Fig. 5 shows the evaporator (T2 and T3) condenser and adiabatic variation temperature over 

time for input power steps from 30 up to 700 W at filling ratio of 35%. The trend of Qout is also shown in 

Fig. 5. Constant low temperatures at the evaporator wall are observed from 30 W up to a 150 W. As the 

input power is gradually increased the temperatures T2 and T3 start to raise. It should be noted that based on 

filled charge, for non-operating thermosyphon, the temperature T2 lie within the liquid pool area. It is 

observed that from heat flux of 200 up to 350 W the upper evaporator end is dried, no more liquid flows into 

the liquid pool and the pool level is reduced. This leads to a local dryout, T2 and T3 is increasing. With 

increasing heat flux from 350 W to 400 W, a large oscillation is noted. The temperature oscillations could be 

explained by geyser boiling. The temperature of low pressure falling liquid to the evaporator increases, hence 

under this condition suddenly vaporizes and causes to a large vapor slug grows in the subcooled liquid and 

violently pushes the above liquid column up to the condenser, the pressure increase and the temperature 

decreases. It is due to the liquid motion inside the pool. Fig. 6 confirms this hypothesis. A small temperature 

fluctuations is observed at the condenser section (2.5 °C) and rather high at the evaporator section (62 °C). 

The high temperature oscillation could be due to high local superheating. 

 Results for a typical case at low heat transfer rate and high filling ratio (135%) is evidenced in Fig. 7 for the 

temperature variations of the evaporator (T2), adiabatic (T6) and condenser (T10) wall, as well as output 

heat flux from condenser section. A qualitative trend of the geyser boiling phenomena is evidenced in the 

initial stage of operation at heat transfer rate of 30 W while the thermosyphon can operate under normal 

operation at higher heat flux. It is clearly observed that the condenser stayed at a low temperature, except 

when some liquid was pushed up by the growing bubble from the evaporator to the condenser. The zigzag 

temperature variation is indicated in a close illustration evidenced in Fig. 7. 

The obtained results from above transient analysis at different filling ratios suggest that the thermal 

performance of the tested thermosyphon highly depends on filling ratio and heat flux. It is confirmed that at 

filling ratio of 16% thermosyphon operates normally at different heat loads while as fluid charge increases to 

35% and 135% the geyser boiling is experienced. The period of oscillation strongly depends on filling ratio 

and heat load. The situation is completely different for a filling ratio of 35% and 135%. In case of filling 

ratio of 35% dryout starts from heat load of 200 W and temperature oscillation occurs at heat transfer rate of 

400 W, while geyser boiling occurs at first stage of operation (Q=30 W) for filling ratio of 135%.  



 

 

5.2. Steady state behavior of TPCTs 

Concerning steady state thermal behavior of TPCTs, the experimental data are compared over time with the 

numerical data given by model at different filling ratios: 16%, 35% and 135%. Fig. 8 shows the outer copper 

pipe temperatures along the Z-axis at different times (t=0, 20, 40, 60, 90s and steady state operation) in case 

of an input power of 100 W and filling ratio of 16%. The different colored marks are referred to the 

experimental data and the different colored lines to the numerical data. Fig. 8a shows that the temperature 

increases over time in the evaporator and the condenser section during the early transient operations. A wall 

temperature overshoot can also be observed in the region immediately above the liquid pool level in 

evaporator section. This overshoot reaches a maximum at 60 s in the experimented case because no liquid 

film is at the walls and it is a similar behavior that can be found as a local transient dryout occurs. Even if at 

the steady state regime the temperature along the axis is almost constant, the local dryout insurgence could 

be dangerous for the device. This phenomenon is mainly due to the effects of the high evaporation rate and 

the interfacial shear that prevent to the liquid film of flowing down. The condensate film reaches the steady 

condition at t=150s.  

The experimental and numerical results at steady state operation indicated that the temperature distribution 

of the thermosyphon is nearly uniform in evaporator section and decreases slightly towards the adiabatic 

section. The temperature reaches the minimum value at the bottom part of the condenser section. 

 Numerical and experimental transient variation of temperature distribution at filling ratios of 35% and 135% 

are shown in Figs. 8b and 8c. It is clearly evidenced that at filling ratio of 35% the maximum overshooting 

temperature is about 5°C lower than that relative to a filling ratio of 16% even if the average evaporator 

temperature at steady state is higher. In the case of quite large filling ratio (135%), none local dryout is 

observed even if the highest evaporator temperature is found. It is worth noticing at low filling ratio the 

thermal resistance is really better than the other cases, but is easier find local conditions with high 

temperature overshooting. It is therefore easier that the system finds a thermal crisis at lower input power. In 

all the tested cases, a good agreement between numerical and experimental data is observed at different 

filling ratios under normal operation.  

Figs. 9a and b show the experimental and numerical wall temperatures along the thermosyphon at low 

filling ratio, close to the dryout occurrence (filling ratio=16%). At the middle part of evaporator section, it 



 

 

can be noticed that experimental temperature starts to increase and at t=20 s reaches a local temperature of 

100 °c about and afterwards the dryout occurs. The numerical temperature distributions have been plotted at 

the same time step in Fig. 9b. It is important to note that at time t=20 s the model is able to predict the local 

superheating of 100°C about but as the time goes on the thermosyphon evolves towards a steady state 

operation instead of the dryout occurrence. The liquid film dryout experimentally has been observed at a 

power input of 650 W and why the model is not to able to predict it. It seems that close to dryout occurrence 

the liquid vapor interface probably becomes wavy, the liquid/vapor shears force raise up and the liquid 

returning from the condenser could be insufficient to replenish the liquid pool in the evaporator. The liquid 

pool height decreases; therefore, the length of the liquid film in the evaporator becomes progressively 

thinner. As a result, the liquid film thickness in the evaporator, immediately above the liquid pool reaches a 

critical value and it breaks ups into small rivulets separated by dry patches [31]. However, this kind of liquid 

film dryout could not predict by numerical simulation, as the dryout is occurred when the liquid pool length 

is zero. 

The optimal filling ratio obtained by numerical simulation is 10% (Fig. 10). As discussed in section 2, in this 

paper the optimal filling ratio corresponds to a condensate film extending from the condenser end cap to the 

evaporator end cap at steady state operation. From above discussion and analysis, it could be confirmed that 

the presented numerical simulation can predict the thermal behavior of thermosyphon at normal operation. It 

should be noted that a very accurate validation of numerical model at critical filling ratio can not be obtained. 

This could be due to the fact that the numerical model can predict the dryout limitation when all the liquid 

pooled in the bottom of evaporator section is vanished.  

 

5.3.  Heat transfer analysis  

The heat transfer behavior of a thermosyphon is well described by the thermal resistance analysis. The 

thermal resistance versus the power input is shown in Fig. 11 for different filling ratios (16%, 35% and 

135%). It is clear that at low input powers all cases show a similar qualitative trend; thermal resistance 

decrease as the input power increases. At input power higher than 400 W, the thermal resistances are almost 

constant. At low filling ratio (16%) the thermosyphon shows a lower thermal resistance in comparison with 

those relative higher filling ratios (filling ratio= 35% and filling ratio=135%). On the other hand if 



 

 

thermosyphon filled with high percentage of fluid does not found any heat transfer limitation, a dryout 

limitation at 700 W has been observed in the case of filling ratio=16%. The increase in the thermal resistance 

for filling ratio of 35% at heat transfer ranged from 200 up to 400 W is basically due to geyser boiling, as 

described in above section. The thermal performances of the thermosyphon with lower filling ratio (16%) is 

found to degrade significantly for power levels exceeding approximately 600 W. This is determined to be a 

result of reaching the thermosyphon operating limit. 

The comparison between the calculated and measured heat transfer coefficient at the evaporator and 

condenser section are shown in Fig. 12 and Fig. 13, respectively.  As it is evidenced in Fig. 12, at heat 

transfer rate of about 30 to 600 W the heat transfer coefficient was about 1.6 –7 kW/m
2 
K. It is observed that 

the Imura correlation is able to accurately predict the heat transfer inside the pool as expected from the 

literature for high filling ratios, but it seem not be able to predict the heat transfer at low filling ratios and as 

a violent geyser boiling is observed. The worse agreement is observed in the case of dryout and oscillation 

limitation, as evidenced in the Fig. 12. On the other hand the correlation used for the condenser section in 

[35] is accurate in comparison of the experiment data (see Fig.13). In authors’ opinion there is need to 

investigate also the effect of evaporator length to confirm the accuracy of this correlation.  

Lastly, from above analysis, it is confirmed that thermosyphons have better performances at lower filling 

ratios. At low filling ratios, however, a higher risk of thermal crisis or non performing geyser boiling 

oscillations is really possible. This analysis confirms that the heat transfer correlations are not being able to 

match the experimental data in these particular conditions. A transient analysis is therefore necessary in 

order to understand the real behavior of the thermosyphon at low filling ratios. This can help in the optimum 

filling ratio detection. 

The experimental results show that the dryout is due to liquid film drying immediately above the surface of 

the liquid pool where a sudden increasing in the temperature has observed. According the numerical analysis 

the dryout is due to the drainage of all the liquid in the pool. It is also observed oscillations in the 

temperature, vapor pressure and output heat flux in a heat flux ranged 200 to 400 W at filling ratio of 35% 

hence, degrading the performance of the thermosyphon during transient operation with increasing heat flux. 

The limiting heat fluxes corresponding to the critical heat fluxes in the evaporator occur at low as well as at 

high liquid fillings depending on the input heat flux distribution. It is observed that the thermal resistance 



 

 

decreases for the lowest fill ratio, but it is necessary to take care about dryout and geyser boiling oscillations 

which are very important to avoid in practical applications. In case of high fill charge (herein 35%) when the 

temperature is low and therefore the pressure is low, it may occur a transient oscillation where the evaporator 

temperature is not stable. Finally, by considering the appropriate filling ratio, a sustainable operation is 

possible in the TPCT mode. It should be noted that the above results and discussions are presented for a 

constant operating condition in the condenser section (cooling temperature and mass flow rate).  

 

6. CONCLUSIONS 

The paper describes an experimental and numerical analysis of a Two-Phase Close Thermosyphon at 

different filling ratios. The copper thermosyphon (ID=33 mm) is 500 mm long and is filled with water. The 

effects of the filling ratio on the heat transfer characteristics under normal and limiting operating conditions 

is investigated in the input heat transfer range of 30W<Q<700W and filling ratio of 16%<filling ratio<135%. 

The thermosyphon investigated in this paper shows the better performance for filling ratio lower than 35%. 

At this filling ratio a major risk of dryout insurgence or a non performing geyser boiling can be found. By 

comparing the experimental data with a 2-D mathematical model a good accordance has been observed.  In 

particular the model is able to predict the transient axial temperature trend even in critical conditions 

(dryout). The model is also able to predict the heat and mass transfer in the liquid pool and in the zone where 

the film of condensate liquid is absent.  

From the experimental data, it is found that at small filling ratio (filling ratio= 16%), the heat transfer is 

limited by the dryout of falling liquid film in the zone immediately above the liquid pool. It has been found 

at 650 W (8,3 kW/m2). The geyser boiling is also observed at filling ratio of 35% and 135% at first stage of 

operation (Q=30 W) and from 200 to 400 W, respectively. 

According to the numerical model the dryout of the falling liquid film close to the liquid pool is only a 

transient temperature overshooting because the system is able to reach a steady state regime afterwards. 

Numerically speaking the dryout can be found only if the liquid pool it is totally dried. At the same heat 

fluxes the model predict a dryout if the Filling ratio is 10%. In order to better predict the behavior of 

thermosyphon at low filling ratio, a better heat transfer characterization must be done in order to better 

simulate the thermosyphon behavior at really low heat flux.  



 

 

 

NOMENCLATURE 

Ar : Archimede number 

Bo : Bond number 

C : Specific heat (J/kg K) 

D : Diameter (m) 

Fr : Froude number 

H :  Heat transfer coefficient (W/m
2
K) 

 :  Heat of vaporization (J/kg) 

K :  Thermal conductivity (W/mK) 

L :  Length (m)  

M : Mass (kg) 

 :  Mass flow rate (kg/s) 

Nu :  Nusselt number, hL/k 

P :  Pressure (Pa) 

 :  Heat transfer rate (W) 

Q :  Heat flux (W/ m
2
) 

R :  Thermal  resistance (K/W) 

R :  Radius (m) 

Ra : Rayleigh number 

Re :  Reynolds number,  

T : Time (s) 

T : Temperature (K) 

V : Velocity vector(m/s) 

U : Axial velocity inside the liquid film 

(m/s) 

V : Velocity (m/s) 

fgh

m

Q

 fgDhQ4



 

 

Y : Axial coordinate  ins. the liquid film 

(m) 

Z : Axial coordinate (m) 

Greek symbols 

 :  Inclination angle (˚) 

 : Liquid film thickness (m)  

Γ : Mass flow rate of liquid film 

Φ : Dissipation term Eq (3) 

 :  Kinematic viscosity (m
2
/s) 

 :  Density (kg/m
3
) 

 :  Dynamic viscosity (Pa s) 

 :  Surface tension (N/m) 

 

Subscripts 

A :  Adiabatic  

C :  Condenser  

E :  Evaporator  

Eff :  Effective  

I :  Inner wall  

L :  Liquid  

Max :  Maximum  

Min :  Minimum  

O :  Outer  

P :  Pool 

T :  Total 

V :  Vapor  
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Figures 

Fig. 1 Schematic view of a TPCT. 

Fig. 2 (a) Configuration of a TPCT, as well as boundary conditions and (b) procedure of mathematical model.  

Fig. 3 Experimental setup scheme and thermocouples locations. 

Fig. 4 Transient variations of the evaporator, adiabatic and condenser temperatures and output heat flux from 

the condenser section at different heat fluxes (filling ratio=16%). 

Fig. 5 Transient variations of the evaporator, adiabatic and condenser temperatures and output heat flux from 

the condenser section at different heat fluxes. 

Fig. 6 Transient evaporator temperature and vapor pressure variation of thermosyphon at the geyser boiling 

phenomena. 

Fig. 7 Transient variations of the evaporator, adiabatic and condenser temperatures and output heat flux from 

the condenser section at different heat fluxes. 

Fig. 8 Comparison of the experimental and numerical axial outer wall temperature at different time steps, 

Q=100 W: a) filling ratio=16%, b) filling ratio=35% and c) 135% 

Fig. 9 Axial outer wall temperature at different time steps, Q=650 W and filling ratio=16%: a) 

Experimentally and b) Numerically. 

Fig. 10 Numerical axial outer wall temperature at different time steps, filling ratio=10%, Q=800 W. 

Fig. 11 Experimentally determined overall thermal resistance values. 

Fig. 12. Comparison between the heat transfer coefficients experimentally and numerically evaluated in the 

evaporator section, Imura. 

Fig.13 Comparison between the heat transfer coefficients experimentally and numerically evaluated in the 

condenser. 
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Fig. 5  
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Fig. 7 
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Fig. 8  
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Fig. 9  
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Fig. 10  

 

 

 

Fig. 11  
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Fig. 12.  
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Tables 

Table 1 Design summery of TPCT applied in experiments and numerical simulation 

Table 2 Operating conditions of the TPCT 

 

Table 1  

Wall heat transfer fluid (liquid) heat transfer fluid (vapour) 

Wall Material Copper  Working fluid Water Thermal conductivity, 

(W/mK) 

0.028 

Outer radius, (mm)  35 Thermal conductivity,  W/mK) 0.67 Specific heat, (J/kgK) 2410 

Thickness, (mm) 1 Density, (kg/m3) 925 viscosity (Pa s) 1.3×10
-5

 

Total length, (mm) 500 Latent heat, (kJ/kg) 2140 T0 (C) 25 

Evaporator length, (mm) 75 

Condenser length, (mm) 150 viscosity (Pa s) 2.2×10
-4

 P0 (Pa) 3.1×10
3
 

Thermal conductivity, (W/mK) 350     

Specific heat, (J/kgK) 380     

Density, (kg/m3) 8900   

 

Table 2  

Parameters   

Cooling mass flow meter, (kg/s)  0.038 

Inlet cooling temperature, (°C)  25±0.25 

Input heat flux, (W)  30-700 

Filling ratio (working fluid volume/evaporator volume), (%)  16, 35, 135 

 


