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ABSTRACT 

The thermal performances of three water-filled thermosyphons subjected to evaporator wall temperatures between 30-150oC were investigated. The 

effect of condenser cooling rates together with various fill ratios from 0.25-1.00, thermosyphon inclination angles from 23o-90o and aspect ratios 

from 5.0-10.0 were investigated. Power inputs from 5-405 W resulted in evaporator wall temperatures up to 185oC. Water coolant flow rates from 

0.003-0.05 kg/s were employed. Axial temperature distribution was found to be uniform at power input < 18 W and non-uniform at high power input. 

Evaporator wall temperatures based on bulk and mean values show differences of at least 14oC at the high power values. The performance of the 

thermosyphons based on heat transferred varied linearly with mean or bulk temperature difference and was dependent upon fill ratio and inclination. 

The best performing thermosyphon was found to be at a fill ratio of 1.00 in the vertical position. Also, a high length/diameter aspect ratio 

thermosyphon performed better than one with a low aspect ratio.   
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1. INTRODUCTION.

Heat pipes (HPs) are very effective heat transfer devices capable 

of transferring large amounts of heat effectively and efficiently. 

Peterson (1994) mentions that a HP typically consists of a sealed 

container lined with a wicking material. The container is evacuated and 

filled with just enough liquid to fully saturate the wick. A wickless HP, 

known as a thermosyphon is shown in Fig. 1. Heat applied at the 

evaporator section causes the liquid to boil and vaporize, picking up 

latent heat of vaporization. Vapor rises to the condenser section where 

it condenses and gives up its latent heat of condensation. The 

condensate then travels back to the evaporator section by gravity. The 

performance of a thermosyphon is dependent on the fill ratio (FR), 

types of fill liquid, power input at the evaporator (P), heat removed 

from the condenser, inclination () and length/diameter aspect ratio 

(AR). An optimal FR is important as too much fill liquid can cause 

flooding and too little will cause dry out. Both these phenomena are 

undesirable as they reduce the performance of the heat pipe. Flooding 

occurs when liquid collecting in the condenser and adiabatic regions are 

unable to return to the evaporator section. Dry out occurs when the rate 

of return of the condensate from the condenser section is insufficient to 

meet the evaporation rate due to high heat flux in the evaporator 

section. The operating heat flux applied to the evaporator section is 

important as well. A high heat flux can induce violent boiling in the 

evaporator section causing blockage of condensate. Prolong exposure to 

high heat flux can also induce dry out. There is an optimum pipe 

diameter related to a vapour flow such that any increase in the pipe 

diameter may contribute to the flooding phenomenon. An increased 

pipe diameter is desirable to avoid flooding. Axial heat conduction 

occurs along the pipe wall. The magnitude of this heat transfer 

compared to the heat transfer by evaporation and condensation in a 

thermosyphon would be comparable if the heat input is small. 

Generally, a temperature difference between evaporator and condenser 

section of about 5oC is required to initiate operation of the 

thermosyphon. This would depend upon the type of fill liquid and the 

physical dimensions of the pipe. 

Nguyen-Chi and Groll (1981) investigated the entrainment or 

flooding limit in a closed two-phase thermosyphon with a water filled 

20 mm OD x 17 mm I/D x 2.5 m long copper thermosyphon with inner 

circumferential grooves. Evaporator and condenser sections were each 

1.0 m long. The evaporator section was heated with electrical resistance 

wires and the condenser cooled via a water cooling jacket. FR was 

between 0.38-0.88, inclination angle from 1-80o, evaporator wall 

temperature from 20-80oC and power input between 100-420W. They 

derived an empirical correlation to predict the maximum performance 

for the inclined thermosyphon and recommended further work to be 

performed to determine the influence of parameters like FR, aspect 

ratio, internal surface roughness of pipe and type of working fluid.  

Gurses and Cannistraro (1991) studied the inclination effect on 

water filled heat pipes for solar energy applications with an 18 mm OD 

x 15 mm I/D x 1.93 m long copper pipe. The air-cooled condenser was 

420 mm long fitted with external 400 mm diameter fins. Power input of 

up to 1200 W resulted in a evaporator wall temperature range of up to 

70oC. They concluded that the best inclination angles are between 45-

90o due to entrainment limit and capillary limit, and is dependent on the 

power input range. Terdtoon et. al. (1996) investigated the effect of 

aspect ratio and Bond number on the heat transfer characteristics of a 

two-phased closed loop thermosyphon. They used copper pipes with 

7.5, 11.1 and 25.9 mm diameter with corresponding AR values of 5, 10, 

20, 30 and 40. Evaporator temperatures were kept around 10oC and FR 

at 0.8. Fill liquids were R22, ethanol and distilled water. They 

concluded that the best inclination angles were between 40-70o 

depending on aspect ratio. The authors mentioned that the aspect ratio 

had more effect on the performance of a thermosyphon compared to 

type of fill liquid and inclination. Payaruk et. al. (2000) correlated the 

heat transfer characteristics of an inclined closed two-phase 

thermosyphon at normal operating conditions. They used pipes of 7.5, 
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11.1 and 25.4 mm ID with R22, R123, R134a, ethanol and water. They 

also used FRs at 0.50, 0.80 and 1.00 and ARs of 5, 10, 20, 30 and 40. 

Inclination angles were between 10-90o with incremental steps of 10o. 

The controlled adiabatic wall temperature ranged from 0-30oC. From 

their work they concluded that FR has no effect at 90o but instead the 

fill liquid type affected the heat transfer characteristics. Khandekar et. 

al. (2003) investigated the operational regimes of a heat pipe using a 2 

mm ID copper heat pipe with R123, water and ethanol and inclination 

angles set between 0-90o. The evaporator temperature range achieved 

was 100oC at 47 W with water and 22 W with ethanol. The optimal FR 

was found to be between 0.25-0.65 depending on fill liquid type.  

Noie (2005) investigated the heat transfer characteristics of water 

filled two-phase closed thermosyphons with 25 I/D x 32 mm OD 

copper pipes. Each thermosyphon was 980 mm long with a 51 mm O/D 

x 380 mm long water cooled jacket. Electrical resistance heating was 

applied with input power varying from 100-900 W. Evaporator wall 

temperature ranged from 100-180oC. By varying the evaporator and 

adiabatic lengths, ARs of 7.45, 9.80 and 11.80 were obtained. Only the 

evaporator section was insulated with 55 mm thick rock wool. FRs 

were kept at 0.30, 0.60 and 0.90. The results showed that evaporator 

wall temperature distribution was almost isothermal especially at the 

low power input. Also, for each thermosyphon, the maximum 

evaporator wall temperature attained depended upon a combination of 

FR and AR, viz., AR = 7.45 with FR = 0.90 and AR = 11.8 with FR = 

0.60. The author compared his heat transfer coefficients for AR = 9.8 

and at the various FRs and concluded that they were in reasonable 

agreement with the empirical correlations by Rohsenow (1962) and 

Imura et. al. (1977). 

Ong et. al. (2014) investigated the axial temperature distribution 

and performance of R410a and water filled thermosyphons with various 

fill ratios (0.25, 0.40, 0.66 and 0.93) and inclinations (30, 50, 70 and 

90o) using a 38 mm OD x 807 mm long copper heat pipe. They varied 

the heat input from 100-830 W which generated evaporator wall 

temperature of up to 65oC. They found that the performance increased 

as FR and inclination reduced. They also concluded that the R410a 

filled thermosyphon performed better at all inclinations and fill ratios at 

the temperature range of 30-65oC. Guo and Nutter (2009) examined the 

effect of axial conduction along a heat pipe wall by separating the 

evaporator section of a thermosyphon from the condenser section with a 

non-conducting adiabatic piece. From their experiments they noted that 

axial conduction along a continuous thermosyphon wall causes non-

uniform wall temperatures along the evaporator section up to ±5oC. 

Once the evaporator and condenser sections were separated by a non-

conductive wall material, the evaporator section exhibited a more 

uniform temperature distribution to within ±2oC. Previous 

investigations by Ong and Haider (2003) on low temperature R134a 

filled thermosyphons showed that a minimum of 3oC was required in 

order for the thermosyphon to operate. 

 

 
Fig. 1 Cross sectional view of a thermosyphon. 

2. OBJECTIVE OF INVESTIGATION. 

There are many other studies conducted on the performance of 

thermosyphons. However, they are mostly at low power inputs or low 

evaporator wall temperatures. Not much work has been performed on 

the performance of thermosyphons at temperatures greater than 100oC. 

This study is essential for cooling processes that operate at temperatures 

exceeding 150oC such as in the foundry industry. Generally the molds 

and dies are cooled using water. The heated water is then cooled in the 

cooling tower. The objective of this paper is to investigate the 

performance of various water filled thermosyphons at temperatures 

between 30 – 150oC and to determine the effect at various power inputs, 

FRs, inclinations and ARs. 

3. METHODOLOGY. 

The experimental set up is shown in Fig. 2. Three thermosyphons were 

fabricated from 305 mm long copper tubes with different diameters as 

shown in Table 1. Aspect ratios (ARs), defined as the ratio of 

evaporator length (Le)/evaporator inner diameter (Di) equal to 10.0, 6.7 

and 5.0 are obtained for the three units. The thermosyphons were filled 

with distilled water and insulated all round with 100 mm thick 

rockwool insulation. Fill ratio (FR) is defined as the ratio of 

liquid/evaporator internal volume. Fill ratios were kept at 0.25, 0.50, 

0.75 and 1.00. Cooling was effected by a 50 mm O/D x 34 mm I/D x 

127 mm long concentric water cooling jacket surrounding the 

condenser section. Coolant water was circulated by a 20 W submersible 

water pump. Coolant inlet temperature varied between 24-30oC and 

flowrate kept to between 0.003 – 0.05 kg/s (± 0.001 kg/s). Heating was 

provided by nichrome wire wound round the evaporator section. Power 

(P) was regulated using an AC-transformer and varied from 5-405 W (± 

3.5%). Type T copper-constantan thermocouples (± 0.5oC) were 

employed to measure the temperatures at the locations shown in Fig. 3. 

These were mechanically attached to the respective evaporator (Te1–

Te4) and adiabatic (Tad1, Tad2) wall sections. End-of-condenser pipe wall 

(Tp), saturation (Tsat), coolant inlet (Twi) and outlet (Two), ambient (Ta) 

and insulation external surface (Tins1, Tins2) temperatures were all data 

logged at 1 min intervals. Saturation pressure (Psat) was noted before 

and after each experiment. Tests were carried out at various inclinations 

of 23o, 45o, 68o and 90o to the horizontal. Each series was repeated 3 

times in order to ensure repeatability. The experimental results were 

found to be repeatable to within ± 3oC. The summary of experimental 

runs performed is tabulated in Table 2. 
Heat supplied at the evaporator section (    ) is assumed equal to the 
heat removed by the cooling water (      ), viz., 
 

                         (1) 
 

The condenser wall surface temperature is calculated from 
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The evaporator wall surface temperature can be obtained from the bulk 
temperature defined as 
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or from a simple arithmetic mean 
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The corresponding operating temperature differences between 
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The coolant water temperature is calculated from the average inlet and 
outlet water temperatures as 

 
                               (7) 

 
The evaporator heat transfer coefficient is calculated from 

 
 

                    (8) 
 

 
and the condenser heat transfer coefficient is calculated from 

 
 

            (9) 
 

 

 
Fig. 2 Schematic of experimental set up 

 

Fig. 3 Location of thermocouples in thermosyphon 

 

Table 1. Dimensions of thermosyphons 

HP 

# 

Do 

(mm) 

Di 

(mm) 

Le 

(mm) 

Lad 

(mm) 

Lc 

(mm) 
AR 

P/Ae 

(kW/m2) 

1 15.8 12.7 127 25.4 127 10 10-30 

2 22.2 19.1 127 25.4 127 6.7 5-48 

3 28.6 25.4 127 25.4 127 5 4-24 

 

Table 2. Summary of experimental runs performed 

 

4. EXPERIMENTAL RESULTS. 

4.1 Effect of condenser cooling rate. 

Condenser cooling water inlet temperature was not controlled. It varied 

between 27-30oC (± 1oC). Experiments were performed to determine 

the effect of condenser cooling rate with various water circulation rates 

of 0.003, 0.019 and 0.05 kg/s. The axial temperature distribution results 

for Series 1-3 are plotted in Fig. 4 for the low power input of 5 W and 

high power of 360 W. The results show the temperature distribution 

increases with power and with decreasing mass flowrates. High power 

input raises the thermosyphon temperature throughout. Low coolant 

flow rates result in less cooling due to higher condenser temperatures. 

The Reynolds number for the coolant water flow ranged from 28-1400 

indicating that the flow regime is laminar in the concentric tube water 

jacket. With the short section, it is also expected to be in the developing 

flow region. The difference between coolant water inlet and outlet 

temperature varied from 27oC at high power and low flowrate to about 

0.5oC at low power and high flowrate. For subsequent series, high flow 

rate at 0.05 kg/s was employed in order to have a more uniform 

condenser section temperature. However, at this high flow rate, it would 

not be possible to evaluate the heat transfer at the condenser section 

accurately. Hence heat transfer at the evaporator section of the 

thermosyphon was assumed equal to the electrical power input. 

 

 

Fig. 4 Effect of coolant mass flow rate (Series 1, 2 and 3) 

 

4.2 Effect of power input on axial temperature 

distribution. 

Typical axial temperature distribution for various power inputs at the 

high water coolant flow rate of 0.05 kg/s (Series 3) are shown in Fig. 5. 

The results generally show that the thermosyphon wall temperature 

distribution increased with power input. This is to be expected as higher 

heat input at the evaporator section would result in a higher 
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thermosyphon operating temperature. The increase in evaporator wall 

temperature is higher than in the adiabatic or condenser sections. The 

results also show that at low input power, evaporator wall temperature 

is quite uniform. At power input beyond 18 W the distribution tended to 

be non-uniform. It could be seen that evaporator wall temperature 

reached a maximum of 35oC at 5 W and 185oC at 360 W. Adiabatic 

wall temperature was nearly uniform, around 27oC at 5 W and 68oC at 

360 W. The temperature at the top end of the condenser section 

exhibited temperatures slightly higher than that at the adiabatic section. 

Coolant water increased by about 0.5oC. Mean coolant temperature was 

lower than adiabatic or condenser top end temperatures. 

 
Fig. 5 Typical axial temperature distribution (Series 3) 

 

4.3 Bulk and mean wall temperatures. 

The average evaporator wall temperature could be obtained from the 

bulk wall temperature (Tb) or from the mean wall temperature (Te,m) as 

calculated from Eqns. (3) and (4), respectively. The results indicate that 

calculated bulk wall temperature could reach about 16oC higher than 

the calculated mean value at the high power of 360 W and by 0.3oC at 

the low power of 5 W due to the non-uniformity in axial temperature 

distribution. Using these calculated average values, the corresponding 

operating temperature differences based upon bulk and mean 

evaporator wall temperatures calculated from Eqns. (5) and (6) are 

utilized in Fig. 6 which shows a set of typical results of power vs the 

two defined operating temperature differences for Series 1. The results 

show that power varied linearly with either Tm or Tb with regression 

coefficients greater than 0.99 at the input power above 18 W. Although 

both sets of results exhibited linear relationship, the difference between 

Tb and Tm obtained at 360 W is about 14oC while at the low power 

below 18 W, the difference is negligible and a different set of linear 

relationship was observed. For simplicity, most investigators utilised 

the mean evaporator temperature, Tm. 

 

 
Fig. 6 Typical comparison of Power input vs mean and bulk 

temperature difference (Series 1) 

The performance of a thermosyphon could be gauged from the 

overall resistance (Ro) defined by 

 
P

T

oR


                   (10) 

Here, different values of Ro could be obtained, depending upon 

the definition of ΔT. From Fig. 6, the reciprocal of the gradients of the 

P vs Tm or Tb curves would give the value of Ro. Here, we obtain 

values of Ro from 0.23 with Tm and 0.27 with Tb. This difference is 

quite substantial considering that the thermocouple are capable of 

measuring temperature differences to within ± 1oC and the actual 

temperature difference between evaporator and condenser ranged from 

30–90oC. However, for simplicity, the mean temperature relationship is 

employed from here on when comparing the performances of the 

thermosyphons as is done by other investigators. 

 

4.4 Effect of fill ratio. 

The effect of FR at various inclinations (90o, 67o, 45o and 22.5o) for 

Series 4–7 are shown in Figs. 7-10, respectively. The results show that 

generally, input power (P) or heat transfer from the thermosyphon 

varies linearly with mean operating temperature difference (Tm). Two 

distinct operating regions are observed, viz., low power region 0-40 W 

and high power region above 40 W. The different operating regions 

were attributed to the effect of pure axial heat conduction directly along 

the thermosyphon wall from the evaporator to the condenser section. 

This conduction effect is greater at the lower heat input. At the high 

power input, the performance is very nearly linear with regression 

coefficients greater than 0.99. The present investigation focuses on high 

operating power or high evaporator wall temperature. At this high 

power, the results of Fig. 7 show that at 90o inclination, the 

thermosyphon with FR = 1.00 out-performed the others. The results of 

Figs. 8-10 show that at low inclinations, the lesser filled thermosyphons 

performed better. 

 

 
Fig. 7 Effect of fill ratio at 90o (Series 4) 

 
Fig. 8 Effect of fill ratio at 68o (Series 5) 
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Fig. 9 Effect of fill ratio at 45o (Series 6) 

 
Fig. 10 Effect of fill ratio at 23o (Series 7) 

4.5 Effect of inclination. 

The effect of inclination at various FRs (1.00, 0.75, 0.5 and 0.25) for 

Series 8–11 are shown in Figs. 11-14. Again, the results show the two 

distinct operating ranges at around 40 W. The results of Figs. 11 and 12 

show that with FR = 1.00 and 0.75, the vertical thermosyphon out-

performed the others. Figures 13 and 14 show that with FR = 0.50 and 

0.25, the vertical thermosyphon did not perform as well as the others. 

 

 
Fig. 11 Effect of inclination with FR = 1.0 (Series 8) 

 
Fig. 12 Effect of inclination with FR = 0.75 (Series 9) 

 
Fig. 13 Effect of inclination with FR = 0.5 (Series 10) 

 
Fig. 14 Effect of inclination with FR = 0.25 (Series 11) 

4.6 Effect of aspect ratio (AR). 

Three different thermosyphons with different ARs were tested. Since 

the thermosyphons had different dimensions, performance was based on 

evaporator input heat flux defined as input power/evaporator heating 

surface area. The AR effect is shown in Fig. 15 for Series 12–14. The 

results show that thermosyphon HP#1 with AR = 10 performed better 

than the other two units with ARs equal to 6.7 and 5. The dimensions of 

thermosyphons used by other researchers are summarized in Table. 3. A 

comparison of the results with the present ones in Fig. 15 shows that at 

a certain fixed temperature difference, the heat flux dissipated increased 

with increase of AR and overall thermal resistance decreased. 
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Fig. 15 Effect of aspect ratio (Series 12, 13 and 14) 

Table 3. Summary of experimental parameters used by other  

       researchers 

 

4.7 Evaporator and condenser heat transfer coefficients. 

Evaporator and condenser heat transfer coefficients calculated from 

Eqns. (8) and (9) are plotted vs Power in Figs. 16 and 17, respectively, 

for series 4. The results show that typically evaporator and condenser 

heat transfer coefficients increase with input power. 

 

 
Fig. 16 Typical evaporator heat transfer coefficient (Series 4) 

 
Fig. 17 Typical condenser heat transfer coefficient (Series 4) 

 

4.8 Thermal resistance. 

Typical overall thermal resistance results obtained for vertical pipe are 

compared with other researchers in Fig. 18. The results correlated well 

and could be represented by 

P
oR

7.39
                                                                                        (11) 

with a regression coefficient of R2= 0.874. 

 

 
Fig. 18 Comparison of Ro  

5. Conclusions 

The thermal performance of three water-filled thermosyphons subjected 

to evaporator wall temperatures between 30-150oC were investigated. 

The effect of condenser cooling rates together with various fill ratios, 

pipe inclinations and aspect ratios were considered. The following 

conclusions could be drawn: 

 

 High power input results in higher thermosyphon wall 

 temperatures. 

 High condenser cooling rate results in lower thermosyphon 

 wall temperatures. 

 Differences in evaporator wall temperatures based on bulk 

 and mean definitions could be as much as 14oC. 

 There are two distinct operating regions observed at around 

 40 W. 

 Axial temperature distribution was uniform at low power 

 input (< 18 W) and non-uniform at high power input (> 

 18 W). 

 The best performing thermosyphon was found to be at a fill 

 ratio of 1.0 and inclination at 90o at low operating  

 temperature difference. 

 A high aspect ratio thermosyphon is preferred. 

NOMENCLATURE. 

Ac  area of condenser section (m2) 

Ae  area of evaporator section (m2) 

AR  aspect ratio of evaporator length to pipe  

  diameter 

Cpw  specific heat of water (kJ/kg K) 

do  pipe outer diameter (m) 

di  pipe inner diameter (m) 

hcond condensation heat transfer coefficient (W/m2K) 

hevap evaporation heat transfer coefficient (W/m2K) 

kwall  thermal conductivity of pipe (W/mK) 

Lad  adiabatic length (m) 

Lc  condenser length (m) 

Le  evaporator length (m) 
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wm   mass flow rate of water (kg/s) 

P  power input (W) 

Ro  overall thermal resistance (K/W) 

Ta  ambient temperature (oC) 

Tad1, Tad2  adiabatic temperatures (oC) 

Tc  condenser temperature (oC) 

Te,b  evaporator wall bulk temperature (oC) 

Te,m  evaporator mean temperature (oC) 

Tins  insulation surface temperatures (oC) 

Tp  temperature at top of condenser (oC) 

Tsat  saturation temperature (oC) 

Twi, Two  water inlet and outlet temperatures (oC) 

Tb  bulk temperature difference (oC) 

Tm  mean temperature difference (oC) 

Psat  saturation pressure (bar) 

cq   condenser heat transfer rate (kJ/s) 

eq   evaporator heat transfer rate (kJ/s) 

wq   heat removed by coolant (kJ/s) 

θ  inclination (o) 
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