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ABSTRACT 
A heat pipe is a passive device that enhances the heat transfer. Oscillation heat pipes (OHP's), also called 
pulsating heat pipes have been proposed as an alternative to conventional heat pipes. The present work 
studied the most effective parameters on the performance of the oscillating heat pipe experimentally, 
with water as working fluid. The experiments were conducted to achieve a better understanding of the 
OHP operating behavior. The OHP was fabricated using capillary tubes with inner diameters of 3.0 mm. 
The evaporator and condenser lengths were equal as 200 mm each, while the adiabatic section length 
was 100 mm. Experiments cover the following data ranges: number of turns are 5, inclination angles 0o, 
15o, 30o, 45o and 90o, charge ratios 30%, 50% and 70%, heating powers from 37 W to 200 W. Wall 
temperature fluctuations are recorded as time series on the evaporation, adiabatic, and condensation 
sections. The experimental results showed that there existed a necessary temperature difference 
between the evaporator and the condenser section to keep the heat pipe working. The maximum heat 
transfer coefficient (h=911.22 W/m2.K) and maximum efficiency (η=80%) were attended at 50% fill 
ratio with minimum resistance (R=0.233 °C/W).  

 

KEYWORDS: oscillation heat pipe, pulsating heat pipe, affecting parameters.  
 

Units Description Character 

m2 Area A 

J/kg.K Specific heat Cp 

m Critical diameter of the pipe 𝐷𝑐𝑟𝑖𝑡 

m /s2 Gravitational acceleration 𝑔 

W/m2.K Heat transfer coefficient ℎ 

m Inside diameter ID 

A Current 𝐼 

W/m.K Thermal conductivity k 

m Length L 

kg/s Mass flow rate �̇� 

- Number of turns 𝑁 

- Oscillating heat pipe OHP 

m Outside diameter OD 

W input heating power  𝑃 

W Input heating power to the evaporator section 𝑄𝑖𝑛𝑝𝑢𝑡 
oC /W Thermal resistance  R  
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oC, K Temperature T 

sec time t 

V Voltage 𝑉 

l/hr Volume flow rate measured from the flow meter �̇� 

N/m Surface tension of the fluid 𝜎 

kg/m3 Density 𝜌 

degree Tilt angle θ 

Subscripts 

- Liquid phase of the working fluid 𝑙𝑖𝑞 

- Vapor phase of the working fluid 𝑣𝑎𝑝 

- Average to the evaporator section 𝑒 − 𝑎𝑣𝑒 

- Average to the condenser section c − 𝑎𝑣𝑒 

- Effective 𝑒𝑓𝑓 

- Water 𝑤 

- Inlet water into the condenser box 𝑤, 𝑖𝑛 

- Outlet water into the condenser box 𝑤, 𝑜𝑢𝑡 

 

INTRODUCTION 

 

With the fast development in printed circuit boards industry, including the increasing in chip density and its 

power, and at the same time the continuous in decreasing in its physical size, the thermal management will 

continue to be one of the most important technologies in the electronic product development [1].  

 

The oscillating heat pipe OHP is a new type of efficient heat transfer device which has a promising for 

electronic cooling. It has a great deal of attention due to its simple design, small size and excellent thermal 

performance. It is different from other traditional heat pipe in working and design [2]. A typical OHP is made of 

a long capillary tube bent in to many turns. It is first evacuated and then filled partially with a working fluid. 

Working Fluid distributes itself in the form of liquid-vapor plugs and slugs. The inner diameter of the pipe must 

be small so that vapor bubbles can grow to vapor plugs in the tube. The theoretical maximum diameter (based 

on balance of capillary and gravity forces) is given by [3]: 

𝐷𝑐𝑟𝑖𝑡 = 2 . √
𝜎

𝑔(𝜌𝑙𝑖𝑞−𝜌𝑣𝑎𝑝)
                           (1) 

The performance of an OHP affected by many factors like the geometrical parameters,  the working fluid, 

the filling ratio, input heating power and the inclination angle [4]. OHPs can be classified into three types 1) 

open loop OHP, 2) closed loop OHP and 3) closed loop with check valve [5]. 

 In recent years, many experimental studies have been done to understand the behavior of OHP and the 

factors that affecting its performance. Various works had been reported on the effect of various factors like 

dimensions [6, 7], tilt angles [8], number of turns and filling ratio [9]. [10], investigated a study on the heat 

transfer performance of a closed-loop PHP. The PHP shaped as 5-turns copper capillary tube, the inner diameter 

was 2 mm and the outer diameter was 4 mm, with evaporator length 80 mm. The working fluids were; deionized 

water, methanol, ethanol and acetone, at different filling ratios 20 - 95%. The input heating power varied from 

5Wto 100W. They found that for the same filling ratio, the PHP charged with the working fluid of lower boiling 

point and lower latent heat of vaporization, where acetone is easier to dry out. At high input heating power (e.g. 

>65 W), no dry-out happened, the thermal resistance of the PHP charged with different working fluids at 

different filling ratios came closer to one another, which indicated that under this condition, the heat transfer of 

PHP reached an upper limit that can hardly be broken through. The limit depends largely on the PHP itself (the 

material and the structure) and the cooling condition. [11], the effect of working fluid on the start-up and 

thermal performance on pulsating heat pipe had been experimented. The PHP made with capillary copper tubes 

with inner diameter of 1.45 mm and outside diameter 2.54 mm and bending in to 6 turns. For vizulized the flow 

inside the PHP combination of glass copper tubes (ID 2 mm and OD 3 mm) were attempted. The working fluids 

used were methanol and deionized water at filling ratio ranging from 10% to 100%. The input heating powers 

changed from 5 W to 100 W, for each filling ratio. They found that the minimum startup power for water was 

obtained at 50% filling ratio and for methanol at 40%. The optimum filling ratio in terms of minimum startup 

power and minimum thermal resistance was 50% for water and 40% for methanol. The minimum thermal 

resistances for water and methanol were observed at vertical orientation. The evaporator side heat transfer 

coefficient for water was slightly more, while the condenser side heat transfer coefficient was appreciably more 

than that of methanol. [12], a wide range of parameters that affecting the performance of  pulsating heat pipes on 

their thermal performance experimentally studied. The CLPHPs were made of copper tubes with inner diameters 

of 2.0 mm and 1.0 mm, which heated by constant temperature water bath and cooled by constant temperature 

water–ethylene glycol mixture. The number of turns varied from 5 to 23. The working fluids were water, 

ethanol and R-123 at filling ratio 50%. The experimental results showed that the inner diameter of the tubes 

governed by the critical Bond number, is well within the specified limit, where the bubble shapes are affected by 
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the buoyancy forces, and there is a critical number of turns required to make horizontal operation possible to 

bridge the performance gap between vertical and horizontal operation. 

However, a comprehensive understanding of the oscillating heat pipe is still lacking because of its 

extremely complex two phase heat and mass transfer process and multivariate operating mechanism, although 

many experimental and theoretical approaches have been conducted in these years. Therefore, the objective of 

the present work is to study the thermal performance of OHP by varying three variables parameters, which are 

the filling ratio, inclination angles and input power.  

 

2. Experimental setup: 

The experimental setup, as shown in Figure 1, consists of the: 5-turns OHP, cooling water circuit, water 

pump, storage tank, flow meter, power supply unite, high speed data acquisition system and personal computer. 

The OHP is made of smooth copper with ID= 3mm, OD= 4.8 mm and rb= 7.5 mm. It consist of evaporator 

section Le=200mm, adiabatic section La=100 mm and condenser section Lc=200mm, see Figure 2. The 

working fluid is distilled water, and the filling ratios were (30, 50 and 70%).The evaporator section of the device 

was wrapped with an OMEGA ceramic insulated strip heater. The device was rated for 1000W at an input 

voltage of 220V. The voltage to the heater was controlled by a variac. The evaporator and adiabatic sections 

were well insulated with fiber-glass insulation to prevent the heat loss. The condenser part of the OHP is cooled 

by cooling water in cooler box with dimensions 250 mm×250 mm×50mm. The cooler box is made of 

transparent glass. There are 16 thermocouples K-type to measure the temperature fluctuations of the evaporator, 

adiabatic and condenser sections and the inlet and outlet of the cooling box. The test recording time is 3600 

second with interval of 5 second.  

 

                                      
 

Fig. 1: Schematic of 5- turns OHP with measuring instruments. 

 

3. Experimental Calculations: 

The input power to the evaporator section is calculated as: 

P = I×V                                                                                                 (1) 

 

The thermal resistance of OHPs is determined using the temperature difference between evaporator section 

and condenser section divided by input power [13]: 

 

ROHP =
Te−ave−Tc−ave

Qinput
              (2) 

The effective thermal conductivity is calculated by following equation [14]: 

Keff =
Qinput×Leff.

N×Across×(Te,ave−Tc,ave)
              (3) 

The heat in the condenser section that rejected to the cooling box is [15]: 

Qcond =  ṁ×cp×(Tw,out − Tw,in)            (4) 

The heat transfer coefficient in the condenser section is calculated using the following equation [16]: 

h =
Qcond.

As ×(Te,ave−Tc,ave)
                (5) 
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Fig. 2: 5-turns OHP: (a) Prototype, (b) Schematic. 
 

RESULTS AND DISCUSSION 

 

The experiments were conducted with input heating power at power at level of 37W, 53W, 70W, 95W, 

150W and 200W. The tilt angles were varied in five levels that are (90o, 45o, 30o, 15o and 0o). The working fluid 

is water and the filling ratio were (30%, 50% and 70%), as described in the following sections. The water flow 

rate is constant for all the experimental tests at 60 ℓ/hr. 

To accurately record the temperature of each section in the OHP, and to reduce the chance of error in the 

results, the temperature distributions along the surface of the OHP are recorded, where: Te1, Te2, Te3, Te4 and Te5, 

for the temperature in the evaporator section. Ta1, Ta2, Ta3 and Ta4 record the temperature in the adiabatic section. 

Tc1, Tc2, Tc3, Tc4 and Tc5 record the temperature in the condenser section, [7]. 

 

4.1 Effect of input heating power on the OHP performance: 

Figure3 shows the effect of input heating power as a function of temperature oscillation  at 30%  water fill 

ratio, in the horizontal position (tilt angle θ=0o), where the power levels are 150 W, 95 W, 70 W, 53 W and 37 

W.  

  

 

(a)                                                               (b)  



10  Prof Dr. Wahid S. Mohammad and Ass. Lecture  Israa S. Ahmed., 2016/ Journal of Applied Sciences Research. 12(10) 

October  
     2016, Pages: 6-18 

 

 
Fig. 3: Effect of input heating power on temperature variation in five turns OHP at FR=30% and tilt angle θ=0o. 

 

As shown, the oscillating motion started and is maintained for all tested power inputs and it is clear that the 

5-turns OHP can perform very well. It is evident that there is a continuous pressure pulsating during the flow in 

OHP and with fluctuations in both the evaporator and condenser temperatures even at steady state. As can be 

seen when comparing results as the input heating power decrease from (150 W to 37 W), the temperatures in the 

evaporator and adiabatic sections decreased and the fluctuations in the temperature of these sections is more at 

high heat input due to intermitted motion of working fluid and less fluctuation at lower heat input, so the higher 

temperature are maintained at higher input heating power. The OHP maintains a clear separation of the 

temperatures between the evaporator, adiabatic and condenser sections at all input powers. Whereas when the 

OHP is brought to high input powers there is appear to be a clear separation of temperatures between the 

sections that compose the OHP. The oscillating motion can also start and maintained for all tested power inputs 

for other tilt angles, [10]. 

 

4.2 Effect of input heating power on temperature difference: 

Figure 4 shows the plot of temperature difference between evaporator and condenser sections with time at 

different heat inputs for fill ratio 30%, and tilt angle 90o.The wall temperature difference between the evaporator 

and condenser sections varied during the operating process, and the observed phenomena also varies 
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correspondingly. At the startup stage, the temperature difference was comparatively large temperature value and 

fluctuations at high frequencies as a result of the serious thermal-hydrodynamic oscillating action inside the heat 

pipe. This may be attributed to the large pressure difference between evaporator and condenser sections caused 

by rapid evaporation and condensation inside the tube. Subsequently, the temperature difference went down 

gradually as the water temperature increased in the cooling box, resulting from the reduction of heat dissipation 

in the condenser section. At the same time, the wall temperature oscillation amplitude and frequency observed 

to decrease too. Also absorbed that when the input heating power increased the temperature difference between 

evaporator and condenser sections will increased, as the movement of the fluid is increased at high input which 

is associated with lot of fluctuation, due to increasing the temperature difference. As at the low heat inputs the 

movement of fluid is very slow and the difference in temperature is less, [18]. 

 

                       
 

Fig. 4: Temperature difference for different input heating powers in five turns oscillation heat pipe OHP at fill   
.oratio FR=30%, and θ=90              

 

4.3  Effect of tilt angle on temperature difference: 

The effect of gravitational orientation of OHP is shown in Figure 5, which plot the temperature difference 

between the evaporator and condenser sections with time for different tilt angles for fill ratio equal to 30%, at 

input heat power 150 W. 

 

                
Fig. 5: Temperature difference for different tilt angles in five turns oscillation heat pipe OHP for fill ratio= 30%, 

at input heat power= 150 W. 

 

As the tilt angle increased from 0o to 90o the temperature difference in the system decreased, that beyond to 

the gravity effect. The vertical orientation results have the lowest temperature difference. The 45o and 30o have 

slightly near to the vertical orientation, at 15o has slightly increased effect, but at horizontal orientation had by 

far the highest temperature difference. So the experimental results showed that the gravity has an impact on the 

performance of the OHP, [7]. That means the maximum effect of gravity force occurred at 90o. To discuss this 

effect, the performance of the OHP depends on the establishment of the integral stable movement inside the 

tube, which is affected by many factors, which are the capillary force, pressure difference and the gravity effect. 
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So a strong thermal- hydrodynamic coupling interaction can be found among these factors, which play different 

roles in operation. The driving forces inside the OHP are: the capillary force effect which affected by the 

capillary diameter, where the thermal resistance reduce with increase the inner diameter. The highest 

performance was attained at the maximum inner diameter. And the pressure difference between the evaporator 

and condenser sections which increased as the number of turns increased, and the gravity effect. As the driving 

force inside the system increased the thermal resistance decrease and then flow become easier, slim and fast. As 

the fluid has to move with the gravity in the vertical mode, there is a smooth movement of the working fluid 

which decreases the temperature difference in the OHP, [12]. At a horizontal orientation, in the absent of gravity 

effect, the effect of surface tension dominates. The high surface tension of water creates additional friction and 

restricts the flow. So because of the high surface tension do not gives better results. That means at the vertical 

operation the gravity force has a maximum effect additional to the other forces, so the resistance has minimum 

effect, and the system become best than other positions and the temperature difference inside the system 

decrease, similar effect was found in the other filling ratios 50% and 70%, as shown in Figure 6. 

 

 

 
 

4.4 Effect of Fill Ratio on Temperature Difference: 

It is reported in the literature [17] that the OHP works as a true device when the fill ratio between 20% to 

80%. The exact range will differed for different working fluids, operating parameters and construction. More 

bubbles (lower fill charges), more is the degree of freedom but simultaneously there is less liquid mass for 

sensible heat transfer. Fewer bubbles (higher fill charges) cause less perturbations and the bubble pumping 

action is reduce thereby lowering the performance. Thus an optimum fill charge ratio is existed. Considering 

this, the transient experimental are conducted during the present study for different fill ratio ranging from 30% 

to 70%, to explore the effect of fill ratio. In OHP, vapor bubbles are supposed to pulse and promote the liquid 

slug and dissipated the heat from the evaporator to the condenser section, where at high fill charge ratio is 

responsible to hinder the pulsation of the bubbles and hence the efficiency of heat transfer will not be very good. 

The low fill ratio is expected to favor the pulsation of the bubbles, but it is extremely easy to dry out. Figure 7 

shows the plot of temperature difference between evaporator and condenser sections with time for different fill 

ratio and different tilt angles at input heat power 150 W. From this figure it is seen that the temperature 

difference between evaporator and condenser is less at 70 % fill ratio and more at 30 % fill ratio. At lower fill 

ratio more vapor phases exist in the tube, so 70 % fill ratio will give less temperature difference between the 

evaporator and condenser due to lower vapor exist in the pipe.  As shown in these Figures the temperature of the 

heat pipe in the case of 70% fill ratio is smaller than that in the case of 30% fill ratio.  Therefore, it is can be 

guessed that the mean temperature of the heat pipe tend to decrease when the fill charge ratio is increased. 

However to determine the optimal fill charge ratio of the heat pipe corresponding the lowest temperature of   the 

heat pipe,    Bhawna  et al [18] found that at fill ratio equal to 20% the dry out occurs when the input heating 

power equal to 40W. At low fill ratios, as the heat input increased, the entire surface is covered by the vapor 

space which leads to dry out the situations. At 90% fill ratio very few bubbles are present in the OHP, thus are 

makeable drop in the performance is observed. At 100% fill ratio where no bubbles are presents, the heat 

transfer occurs by convection. So as the fill ratio increases the device starts acting in pulsating mode. 

Fig. 6: Temperature difference for different tilt angles in five turns oscillation heat pipe OHP for FR=50% and  
            70%, at input heat power= 150 W. 
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Fig. 7: Temperature difference for different fill ratio in five turns oscillation heat pipe OHP at input heat 

power= 150 W. 

 

4.5 Variation of thermal resistance: 

Figure 8 (a) shows the variation of thermal resistance with heat load for different orientation at fills 

ratio30%. From the Figure it is clear that the thermal resistance decreases with increase in heat input with all 

orientations considered. The vertical orientation (i.e. θ=90o) exhibits the lower values of thermal resistance 

compared to the other orientations and this value is decreased as the input heating power increased. As the 

temperature difference between evaporator and condenser is less at vertical orientation, the magnitude of 

thermal resistance is also to be less. This shows that the water 5-turns OHP operation become more and more 

efficient at vertical orientation. It is due to the fact that the fluid flow is smooth and simple in the vertical 

orientation which influenced by the gravitational effects compared to the other orientation. Similar effect can be 

found in the other filling ratios 50% and 70% as clear in figure 8   ( b & c). 
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4.6  Variation of heat transfer coefficient: 

Figure 9 (a) shows the variation of heat transfer coefficient with heat load for different orientation at fills 

ratio30%. From the Figure it is clear that the heat transfer coefficient increases as the heat input power increased 

with all orientations considered. Higher values of heat transfer coefficient can be seen at a vertical position 

which indicated better performance of OHP. Also it can be noted that the dry-out occurs at the power of (70W 

and 95 W) at inclination angles (0oand 15o) respectively. Similar effect can clear noted at filling ratio 50% and 

70 % as shown in figure 9 (b & c) except that the dry-out situation did not occur due to increasing the filling 

ratios.  

 

4.7 Variation of effective thermal conductivity: 

Figure10 (a) shows the variation of effective thermal conductivity with heat load for different orientation at 

fills ratio 30%. From the Figure the effective thermal Conductivity increases as the input heating power 

increased at all orientations considered. 

 

 

 

 

 

 

 

 

 

 

 (a) 

Fig. 8: Thermal resistance verses input heating powers for different orientations at fill ratios: (a) 30%, (b) 50% 

           and (c) 70%. 

 
(b)  

(c ) 



15  Prof Dr. Wahid S. Mohammad and Ass. Lecture  Israa S. Ahmed., 2016/ Journal of Applied Sciences Research. 12(10) 

October  
     2016, Pages: 6-18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Variation of heat transfer coefficient with input heating powers for different orientation at filling ratios:  

             (a) 30%, (b) 50% and (c) 70%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10: Variation of thermal conductivity verses input heating powers for different orientation at fill ratios: (a)  
              30%, (b) 50% and (c) 70%.            
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Similar to the effect of heat transfer coefficient the thermal conductivity also has higher values at a vertical 

position which indicated better performance of OHP, where the low value of thermal conductivity occur at 

horizontal position because the working fluid inside OHP is difficult to travel back to cool the hot section. Also 

it can be noted that the dry-out occurs at the previously mentioned power input and inclination angles. Figure10 

(b & c) shows the variation of thermal conductivity at fill ratios 50% and 70%. It is also indicated that the 

effective thermal conductivity increased as the input heating power increased at all orientations and the best 

performance occurs at a vertical position due to gravity effect. It can be also noted that the dry-out did not 

occurred because of the increase in filling ratio.  

 

4.8  Maximum evaporator temperature: 

Figure 11 shows the maximum evaporator temperature versus tilt angles for different filling ratio. It is clear 

from this Figure that at the same tilt angle, the maximum evaporator temperature at 50% filling ratio is less than 

both the maximum temperature attained by 30% or 70%, meaning that the system was oscillating at a higher 

rate, allowing it to maintain the temperature range of the system much more efficiency. This behavior is similar 

to the other tilt angles, but the temperature decreases as the tilt angle increases. It is clear, that the maximum 

evaporator temperature decreases as the input power decreased from 150 W to 37W. Finally it can be said that, 

the lower resistance, the higher heat transfer coefficient, and the higher efficiency were attended with 50% fill 

ratio, so it is the optimum one. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11: Maximum evaporator temperature versus tilt angles in five turns oscillation heat pipe OHP for different  
               filling ratio. 
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Conclusions 

Experiments were performed to investigate the thermal performance of an OHP over a wide  parameter 

ranges. The temperature variation with time at the evaporation, adiabatic, and condensation sections of OHP 

were recorded using data acquisition system .The following conclusions may be derived from this 

investigations: 

(i) During operation, heat input to the evaporator section expands the existing bubbles and/ or nucleates new 

bubbles, driving liquid and bubbles toward the cooler condenser region, where the vapor bubbles contract or 

collapse via condensation. The evaporation/condensation cycle provides the motive force for the convective 

motion, though heat is mainly transferred sensibly by the movement of hot liquid from evaporator to condenser.  

(ii) The vertical orientation (i.e. θ=90o) exhibited the lower values of thermal resistance compared to the 

other orientations, and this value decreased as the input heating power was increased. This shows that the 5-

turns OHP operation become more and more efficient at vertical orientation. The minimum resistance is offered 

at a filling ratio of 50% whose value is 0.233oC/W.  

(iii) At low filling ratios i.e. 30%, as power increased beyond 70W the dry-out occurs at horizontal position 

and at θ=15o . 

(iv) The heat transfer coefficient increases with increasing the heat loads at all filling ratios. The highest 

value was obtained at a vertical position. Higher values of heat transfer coefficient can be noted at filling ratio 

50%, which is equal to 911.22 W/m2.K. 

(v) The effective thermal conductivity increased as the input heating power was increased at all 

orientations, and the best performance occurred at a vertical position due to gravity effect. Maximum value of 

thermal conductivity can be noted at filling ratio 50%, which equal to 18237.34 W/m.K.  

(vi) The heat transfer rate has higher value at a vertical position for the all filling ratios. The worst 

performance was observed at 30% filling ratio, where the system easily dried out. The system also performed 

less efficiently when charged with 70% filling ratio because less vapor bubbles formed in relation to liquid 

slugs, leading to poor performance due to large surface tension of the liquid slugs. The better performance of the 

OHP was found at 50% fill ratio which offers higher heat transfer rate and higher efficiency. 
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