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ABSTRACT 
Full visualization and startup process of oscillating heat pipe (OHP) using water as working fluid with 50%filling ratio is studied. The 
tested OHP consist of 2 turns, is made of Pyrex capillary tubes with 6mm outside diameter and 3 mm inside diameter. The effect of 
inclination angles to the heat transfer performance of OHP is considered. The visualization investigation is conducted to observe the 
oscillation and circulation flows with advantage of high quality digital video camera. Wall temperature fluctuations at several positions are 
recorded at different heating powers. The experimental results show that the temperature of OHP increased with increasing power and 
change inclination angle from vertical to horizontal position due to that the thermal resistance decreasing with power and increasing with 
inclination angles. The time of startup process is reduced with power.  
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INTRODUCTION 

 
Oscillating heat pipes (OHPs), also referred to as pulsating heat pipes (PHPs), are a relatively new 

development in the field of heat pipe technology. The basic structure of PHP/OHP is small, light weight, simple 
in structure and highly efficient. It is a two-phase flow device used for transferring heat without any moving 
mechanical parts. It consists of capillary sized tube with many turns and phase change working fluid.  As two 
phase heat transport devices, OHPs are capable of excellent thermal performance without complications 
associated with the use of an internal wick.  

There are various parameters which affect the performanceof closed loop OHP directly or indirectly, 
among there parameters are: 
 
Internal diameter: 

it is the main parameter which essentially define OHP.The ‘pulsating’ mode only occurs under a certain 

range of diameters.There is a critical value for this,(����� ) below which the surface tension forces dominate 
and stable liquid plugs are formed, if the heat pipe diameter is larger than the critical value the surface tension is 
reduced and the working fluid will stratify by gravity and oscillations will cease (stop)[1]. 
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Filling ratio: 
The filling ratio (FR) of a OHP is defined as the ratio of working fluid volume actually present in the device 

to that of the total volume of the device. OHP true working range is about 10% to 90% fill charge where the 
OHP operates as a true pulsating device [1]. 

 
Properties of working fluid: 

For most applications, the thermodynamic characteristics of water make it a good choice for PHP 
applications, as it has high latent heat, which spreads more heat with less fluid flow, and high thermal 
conductivity which minimizes temperature difference [2]. 
 
Operating orientation: 

certain critical number of turns is required to make horizontal operation possible and also to bridge the 
performance gap between vertical and horizontal operation [3].  

The above parameters have been studied by several researchers among them; 
Yanxi Song, and et al[4] who studied the chaotic behavior of closed loop pulsating heat pipes (PHPs), the 

PHPs were fabricated by capillary tubes with outer and inner diameters of 2.0 and 1.20 mm. FC-72 and 
deionized water was used as the working fluids. Experiments cover the following data ranges: number of turns 
of 4, 6, and 9, inclination angles 5o (near horizontal) to 90 o (vertical), charge ratios 50% to 80%, heating powers 
7.5 to 60.0 W. The nonlinear analysis is based on the recorded time series of temperatures on the evaporation, 
adiabatic, and condensation sections. 

The experimental results show that the PHP performance is generally better in a vertical position ( θ =90o), 
and some PHPs with only a few turns do not operate at horizontal orientation. It is observed that PHPs with 
four, six, and nine turns may not work at the exact horizontal position (θ =0o),  At low inclination angles (θ =5o), 
Kolmogorov entropies are increased with increases in inclination angles for water PHPs, corresponding to the 
decreased thermal resistances.  

Study on full visualization and startup performancesof pulsating heat pipe using ammonia as working fluid 
are experimented by ZhihuXue,et al.[5].The tested pulsating heat pipe,consisting of 6 turns,is fully made of 
quartz glass tubes with 6mm outer diameter and 2mm inner diameter.The filling ratio is 70%.Wall temperature 
fluctuations of several positions are recorded under a series charge of heat inputs.Thevisualization investigation 
is conducted to observe the oscillations and circulation flows with the advantage of high quality digital video 
camera,by which the unique thermodynamic behaviors are able to recognize and analyze moreeasily.The 
experimental results show that the startup power required by the ammonia Pulsating Heat Pipe (PHP) is very 
small, owing to particular identities of ammonia. It is observed that there are also some unevenly distributions in 
slug-train during initial and operating state.Phenomena such as circulation flows and local oscillations coupling 
breaking up of bubbles and formation of slugs are observed. 

Hua, et al [6] investigated experimentally the performance of oscillation and the heat transfer of a closed-
loop PHP. The working fluid chosen were; deionized water, methanol, ethanol and acetone. The filling ratios 
were (FR =20-95%). Different heat inputs were taken (heat input = 5-100 W). It was found that at low heat 
input, the heat transfer depended highly on whether the oscillation started up or whether the flow was fast if 
started, and had a close relationship with dynamic viscosity, with the increase in heat input, the effect of 
dynamic viscosity on heat transfer decreased. 

At low filling ratio, the working fluids with lower boiling point, and lower latent heat of vaporization 
(LHV) were easier to dry out. There exists a heat transfer limit, which is almost independent of the type of the 
working fluids, but largely depends on the PHP itself (the material and the structure) and the cooling condition.  

Experimental study on a vertical closed loop pulsating heat pipe (PHP) has been done by  Pallavi, et al[7]. 
The working fluid mixture of water (4.5% wt.) and ethanol (95.5% wt.) was studied in comparison to pure 
ethanol and water with 50% filling ratio (FR). The heat input was supplied from 8 W to 96 W, in the steps of 8 
W. The thermal performance of PHP was measured in terms of thermal resistance. The temperatures were taken 
on the outer wall of the evaporator and condenser section also calculates the thermal resistance at different heat 
inputs. It was found that, the thermal resistance decreases more rapidly with the increase of the heat Input 
power. No measurable difference has been recorded for the PHP running with azeotropic mixture of ethanol 
(95.5% wt.) and water (4.5% wt.) in comparison with pure ethanol, in terms of overall thermal resistance. 

An experimental investigationwas conducted by Morris [8]to determine the effect of the heat transfer and 
overall system performance on pulsating heat pipes with dual-layer and singlelayer configurations. The dual 
layer configuration is an assembly of two pulsating heat pipes of equal measurement connected with a cross 
linking tube, allowing them to operate using the same working fluid.  

The dual-layer system was compared with single-layer system included temperature, the average/minimum/ 
and maximum evaporator temperature during steady state operation and time of start-up, and the overall thermal 
resistance of the system. Different filling ratios were taken: 0%, 25%, 75%, and 90%. The dual layer pulsating 
heat pipe system (DLPHP) having the lowest thermal resistance. 
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It was concluded that the dual-layer system exposed to the same input power and area achieved an overall 
increase in performance with respect to start-up time and temperature. 

In this study, full visualization and start up performance of PyrexOHP using water as working fluid is 
experimented. In order to better understand the operation of waterOHP, a full visualization of evaporator 
section, adiabatic section and condenser section is firstly conducted. Then, adetaildiscussion of startup and 
operation to waterOHP affected by inclination angle is presented. 

 
Experimental Setup and Procedure: 

The oscillating heat pipe was tested using the experimental setup shown in Figure(1-a), which consists of 
power supply unite, two turns OHP, high speedData acquisition, cooling water circuit, high speed camera.In 
order to obtain full visualization to the flow, the OHP is making from Pyrex glass capillary tube with an outer 
diameter of (6mm) and inner diameter (3mm), the bending radius was (7.5 mm), the working fluid is distilled 
water.Based on the criterion of the inside diameter of capillary tube for the formation of vapor plugs and liquid 
slugs in the capillary tube, thecritical diameter is (5mm). The present study uses the diameter (3 mm) to 
satisfythe critical size criterion, therefore the mixture of vapor plugs and liquid slug can be formed in the 
capillary tube.OHP consist of (200mm) evaporator section and (100 mm) adiabatic section and (200mm) 
condenser section. 

OHP was charged to fill ratio of (50%). This value was chosen following the several studies [9] that found 
an OHPs worked fairly well at this fill ratio. 

In the evaporation section the thermal load was applied by wrappinga Ni-Cr wire heater with a diameter 
(0.55 mm) on the outer surface of the capillary tube at interval of (2 mm)as shown in Fig.(1-c).The energy to the 
heater was controlled by a variac.The condenser part of the OHP is cooled by cooling water in cooler box 
(21×15×5 cm).The water was supplied through a constant water circuit (flow meter) to ensure constant mass 
flow rate at (60 L/hr) for all the tests. 

The heat from the water leaving the condenser was removed in a secondary reservoir consisted of a 17 
litters cooling tank that was regulated and kept at a steady temperature of 20 to  21oCusing chilled water coil, 
this fluid was then pumped into the condenser box . 

There are (15) thermocouples (K-type) located as shown in the Fig.(1-b) to measure the temperature 
fluctuations of the evaporator, adiabatic and condenser sections of the OHP and the inlet and outlet of the 
cooling box.All temperatures data are recorded by high speed data acquisition system (MC) and personal 
computer were used to record time series of temperatures.The physical recording time is (1320 sec) with interval 
(5 sec). 

This data was acquired and interpreted using a software package referred to as Tracer DAQ Pro, which can 
acquire and plot data from up to 32 channels, also the data can be exported to Microsoft Excel. The software 
was set to record temperature with 15input channels. 

 
Experimental Procedure: 

1- Fixing the OHP at angle (90o) from the frame. 
2- Operate the chilled water coil to cool the water in the storage tank up to (20-21oC). 
3- Operate the pump to supply the cooled water from storage tank to the condenser box. 
4- Fix the water flow rate with the flow-meter to a constant flow-rate at (60l/hr). 
5- Wait till the condenser box is completely filled. 
6- Power to the evaporator section was supplied by variac; set at minimum value of (37 watt is 50v). 
7- The data acquisition software then starts to record temperature data. The variac and the data acquisition 

were operated at the same time to record the start-up time of the OHP. 
8- The procedure was repeated for several values of powers (53.4 Watt- 70 watt- and 95.2 watt). 
9- The above procedures were repeated for angles (45o-30o-15o). 
 

Data Reduction: 
The thermal resistance of OHPs is given by[8]: 

 

���	 =
�����������

������
               (1) 

 
Where: 
���	: Thermal resistance of OHP. 

������: Average temperature of T1, T2, Te3, Te4, Te5 and Te6(
oc). 

������: Average temperature of Tc1, Tc2, Tc3,Tc4 and Tc5(
oc). 

������: input heating power(Watt). 
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The mass flow rate through condenser section can be calculated as follow: 
 

 ! = "# × %!                (2) 
where: 

%! : Volume flow rate measured from the flow meter (60 L/hr). 

"#: density of water at mean temperature of cooling water approximately ("# =997  kg/m3). 
 
Effective thermal conductivity can be calculated by following equation [8]: 

� = & × ' × ( = & × ' × )�** ×
��,������,���

,
           (3) 

)�** =
�×,

-×.×(��,������,���)
            (4) 

where: 
� : is the heat load (W). 

1 : is the length from the center of the evaporator section to the center of condenser section. 

& : No. of tubes of the adiabatic section (& =4). 

': is the flux area of the inner part of a tube in the adiabatic section. 
 

RESULTS AND DISCUSSION 
 
The working and effectiveness of OHP depends on a severalparameters. The effect of these parameters on 

the performance of OHP are tested and the results are presented in Figures.(1-15), these results include the study 
of the flow in the heat pipe.    

 
Flow Visualization: 

When the heating power was supplied to the evaporator section; the vapor plugs expanded within the 
evaporator, slowly pushed the liquid towards the condenser; as the temperature of the evaporator section was 
increased the pressure was high enough to pushed liquid and vapor from the condenser section to the evaporator 
region so the start-up and oscillation of flow will be occurred in the OHP. 

Several initial small spherical bubbles occurred; as the temperature increased the growth rate of bubbles 
increased and accelerated to catch up with the previous one merged into a big vapor column as in Figs.(2&3), 
whichshowsthecirculation flow inthecondenser and adiabatic sections, respectively. 

Two kinds of vapor bubbles, a small round (globe) bubbles and long column (Taylor) bubbles, are formed 
and circulated in the whole OHP. The globe bubbles are easily generated and grew faster in the liquid plugs 
from the evaporator section. The direction of the circulation flow is the anti-clockwise; but sometimes may 
change into ant direction suddenly. 

 
Start-up of the OHP: 

As shown in Figs.(4,5,6,7&8) the start-up process of OHP has been recorded as a function of time. 
The start-up process is the time wanted to operate the OHP (i,etime enough to reach the OHP its 

temperature to operate).For example for (37 Watt) the time is (70 sec) to reach the OHP its mean temperature 
(Teave=39.8 oc) to operate. 

This time is decrease when the power is increased as the temperature reached its oscillating value quickly. 
It can be see also from these Figures that the average temperature changes around a certain values; and the 

temperature difference between the evaporator section and condenser section increased with heating power 
increased. 

 
Effect of Input Heating Power: 

Fig.(9) show the average temperature distribution along the OHP in the evaporator, adiabatic and condenser 
sectionwith different heating power 37, 53.4, 70 and 95.2 watt for inclination angle 90o. 

When the power increased as the average temperature along the OHP increased that’s because increased 
heating power caused fluid velocity to increase and thatoscillating of fluid inside the OHP increased the 
temperature. 

 
Effect of Inclination Angles: 

Figs (9,10,11,12& 13)show the average temperature distribution along the OHP in the evaporator, adiabatic 
and condenser section for several heating power (37, 53.4, 70 and 95.2 watt) and for different angles 90o, 45o, 
30o and 15 o. 
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These Figuresshows that as the inclination angle decreased (from the vertical position to the horizontal 
position), the average temperature of the OHP increased, this can be seen clearly in the Fig. (13) which shows 
the effect of for power (70 watt). 

 
Thermal Resistance and Thermal Conductivity: 

Fig.(14) show the effect of thermalresistance as a function of heating power and inclination angles.The 
thermal resistance decreases when the heating power increased and it’s increased when the angle of the OHP 
changes from the vertical position to the horizontal position. 

Fig.(15) show the effect of thermal conductivity as a function of heating power and inclination angles. 
The thermal conductivity of Pyrex is about (1.1 W/m.k), and it is increased to about 200 W/m.k at 92.5 watt 

and for 90o angle this means that the thermal conductivity of Pyrex increased about 200 times  than the pure 
thermal Pyrex. 

Thus; OHP has excellent transport characteristics even with simple structure, thermal conductivity 
increased with increased heating power and decreasing with inclination angle, leading to enhance thermal 
performance of OHP. 
 
Conclusions: 

 Study on full visualization and startup performances of Pyrex OHP using water as working fluid are 
experimental investigated. It can be concluded that: 

1. The full visualization shows that the oscillation and circulation of liquid slugs and vapor plugs inside 
the OHP is continuous due to temperature increasing in the evaporator.  

2. By recording the startup process the time decrease as the power increase and oscillation occurred 
faster. 

3. As the inclination angles changes from vertical position to the horizontal the temperature of OHP and 
thermal resistance increased. 

4. When the input heating power increased the temperature of evaporator section increased and the 
temperature difference between evaporator and condenser increased. 

 

 
Fig.1:Experimental test section 
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Fig. 2:Circulation of flow in condenser section with time. 

 

 
 
Fig. 3: Circulation of flow in adiabatic section with time. 
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Fig. 4:Variation of temperatures of the evaporator section and the condenser section and the time of start

process= 70 sec, for power 37 Watt and angle 30
 

 
Fig. 5: Variation of temperatures of the evaporator section and the condenser section  and the time of start

process= 60 sec, for power 53.4 Watt and angle 30
 

 
Fig. 6: Variation of temperatures of the evaporator section  and the condenser section   and the time of start

process= 45 sec, for power 70 Watt and angle 30
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temperatures of the evaporator section and the condenser section and the time of start-up 

 

Variation of temperatures of the evaporator section and the condenser section  and the time of start-up 

 

Variation of temperatures of the evaporator section  and the condenser section   and the time of start-up 
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Fig. 7: Variation of temperatures of the evaporator section  and the condenser section   and th

process= 25 sec, for power 95.2 Watt and angle 30
 

 
Fig. 8: Variation of temperatures of the evaporator section for various heating power for angle 30

 

 
Fig. 9: Average temperatures distribution along the OHP for various heating input power for angle 90
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Variation of temperatures of the evaporator section  and the condenser section   and the time of start-up 

 

Variation of temperatures of the evaporator section for various heating power for angle 30o. 

 

Average temperatures distribution along the OHP for various heating input power for angle 90o 
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Fig. 10: Average temperatures distribution along the OHP for various heating input power for angle 45

 
Fig. 11: Average temperatures distribution along the OHP for various heating input power for angle 30

 

 
Fig. 12: Average temperatures distribution along the OHP for various heating input power for angle 15
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Average temperatures distribution along the OHP for various heating input power for angle 45o 

 

Average temperatures distribution along the OHP for various heating input power for angle 30o 

 

Average temperatures distribution along the OHP for various heating input power for angle 15o 
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Fig. 13: Comparison of average temperatures distribution along the OHP for various inclination angles for 

heating power=70 watt. 
 

 
Fig. 14: Thermal resistance of OHP for various heating input power and various inclination angles

Fig. 15: Effective thermal conductivity of OHP for various heating input power and various inclination
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