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ABSTRACT 

Oscillating heat pipes (OHP) have highly efficient heat transfer capability. Some 

researchers have applied OHPs to cutting tools and rotating machines by embedding 

tubular OHPs in machines or by making flow channels on metal plates. Most studies 

are on heat transfer performance, and there are few studies on the heat transfer 

behavior of radial-rotating oscillating heat pipes (RR-OHP) under operating 

conditions. This paper conducted the visualization test of an RR-OHP filled with 

methanol by studying the flow patterns and motion modes at rotation speed (0-860 

rpm) and heat flux (20000-40000 W/m2). When the heat flux is increased from 20000 

W/m2 to 40000 W/m2, the flow patterns include flowless, slug flow, annular flow, and 

churn flow, and the motion modes contain oscillatory motion, cyclic motion, 

unilateral boiling, and bilateral boiling. The distribution map of the flow patterns and 

motion modes with the centrifugal acceleration and the heat flux was plotted, which 

shows the evolution of the flow patterns and the transformation of the motion 

modes of the RR-OHP, and elucidates the effect of the centrifugal acceleration and 

the heat flux on the flow patterns and motion modes. 
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1. Introduction 

In the 1990s, oscillating heat pipes were developed, constructed from capillary tubes with three sections: 

evaporator, condenser, and adiabatic section. Its heat transfer modes include phase-change heat transfer, vapor-

liquid plug movement to transfer sensible heat, and expansion work [1-4]. Its simple structure, high heat transfer 

efficiency, passive heat transfer, and good adaptability make it an ideal heat transfer element  [5-7]. Due to its 

good heat transfer capability, researchers have applied OHPs to cutting tools and rotating machines by 

embedding tubular OHPs in machines or by making flow channels on metal plates to form flat plate OHPs [8-12]. 

There are many studies on oscillating heat pipes in static conditions, mainly from heat transfer performance 

[13-20], visualization [21-27], and numerical simulation studies [28-34]. However, relatively few studies exist on 

rotating oscillating heat pipes compared to OHP. The rotating oscillating heat pipes are divided into axial-rotating 

oscillating heat pipes (AR-OHPs) and radial-rotating oscillating heat pipes (RR-OHPs). Relevant studies show that 

increasing centrifugal acceleration and heat flux will improve the heat transfer performance of the AR-OHP. Its 

speed is increased and its circulation process is accelerated, and the change of flow patterns is also analyzed [35]. 

It starts up well when centrifugal acceleration varies between 0 and 738 m/s2. In the critical diameter range, the 

larger the inner diameter, the shorter the start-up time, and the earlier the AR-OHP starts to use its heat transfer 

capacity, therefore, the diameter of the AR-OHP was selected as 3 mm, and acetone was used as the working fluid 

[36, 37]. In a heat transfer test where the flux varied from 73.8 to 98.4 kW/m2 and the rotation speed varied from 0 

to 300 rpm, the flower-shaped AR-OHP resulted in an improvement in heat transfer. [38, 39]. During dry grinding, 

the AR-OHP grinding wheel can successfully reduce high temperatures when grinding difficult-to-grind materials, 

reduce grinding wheel wear, and extend grinding wheel life [40, 41]. 

Studies with RR-OHPs have shown that they have good heat transfer performance at 800 rpm and a 50% filling 

rate [42]. Heat pipes oscillating under centrifugal acceleration exhibit a positive thermal conductivity [43]. It is 

possible to reduce the thermal resistance by increasing centrifugal acceleration and heat flux, but this should not 

be done at the expense of increasing it too much [44]. As the RR-OHP reaches a critical state, its heat transfer 

performance will deteriorate [45]. Heat transfer performance of rar-OHPs is correlated with the dimensionless 

number, according to Liu et al. [46]. The non-uniform arrangement helps the RR-OHP to circulate unidirectionally, 

so the heat transfer performance is good [47]. Chen et al. investigated the change in the flow pattern of RR-OHP 

and AR-OHP at a =40 m/s2 [48, 49], but the visualization study with higher centrifugal acceleration was not 

addressed. A related study confirmed the effectiveness of radial rotation at high centrifugal accelerations [50], 

demonstrating the feasibility of RR-OHP wheels. However, the phenomenon of the appearance of the transition 

point in its heat transfer performance and how the centrifugal acceleration affects the motion of the RR-OHP is 

not clarified, so it is necessary to conduct the visualization test of the RR-OHP at a high rotation speed to 

illustrates its heat transfer behavior and provide theoretical support for the design of the RR-OHP machine. 

The visualization test of the RR-OHP will be carried out under simulated grinding conditions. It will reveal the 

evolution of flow patterns and the change of motion modes by observing the motion process of the internal 

working fluid, and the role of centrifugal acceleration on the RR-OHP will be elucidated as well as heat flux. 

2. Experimental Setup and Description 

The visualization test of the RR-OHP (in the rotating state of the OHP arranged radially along the rotating axis) 

is carried out relying on the visualization test device (Fig. 1). In the test, the inner diameter of a glass single-loop 

OHP is 3 mm, and it is filled with methanol at a 50% filling rate. It is installed on the rotating support whose length 

is 400 mm and installed on a lathe to adjust the rotation speed. The centrifugal acceleration at different rotation 

speeds can be calculated according to Eq. 1. The EVA housing is used to ensure that the glass OHP does not break 

under rotational conditions. The brush-slip ring is used to connect the nickel-chromium resistance wire with the 

QJ3003SⅢ DC voltage regulator to achieve the heating of the evaporator under rotating conditions, and the vortex 

tube is used for cooling. The experimental parameters are shown in Table 1. 
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𝑎 = 𝜔2𝑟 = (
𝑛𝜋

30
)2𝑟 (1) 

where a is the centrifugal acceleration (unit: m/s2), n is the rotational speed (unit: rpm), ω is the angular velocity 

(unit: rad/s), and r is the rotational radius (unit: m).  

Table 1: Parameters of visualization test. 

Test Condition Test Parameters  

Ambient temperature 20 °C 

Working fluid Methanol 

Filling rate 50% 

Heat flux (W/m2) 20000, 25000, 30000, 35000, 40000 

Rotation speed (rpm)  0, 140, 280, 430, 580, 716, 860 

Centrifugal acceleration (m/s2) 0, 43, 172, 406, 737, 1124, 1622 

Cooling method 0.4 MPa cold air cooling 

 

A ring light source is used to ensure uniformity of light during shooting. By adjusting the distance and angle 

difference between the shooting support and the rotating support, and using axial and circumferential fixation to 

prevent axial movement and circumferential rotation, the filming equipment can focus on the RR-OHP all the time 

without shaking. To obtain an image of the oscillating heat pipe in rotation, we need to turn the machine on and 

apply the centrifugal force after it has run smoothly in a stationary state. So the rotating support is first adjusted 

to the vertical position, the cooling is switched on and the bottom is heated vertically in the static state. When the 

OHP has been working stably for 30-60 seconds, the machine tool is started up, and then the wireless remote 

control is used to open the high frame rate filming equipment and start filming. To ensure that the image can 

identify the flow patterns and motion modes, the high frame rate filming equipment shoots for 2 minutes at 240 

fps and then shoots for 10 seconds at 960 fps for several segments. At the end of the test, the heating system is 

switched off and cooling is continued until the OHP has cooled sufficiently to ambient temperature to ensure that 

each test is independent of the other. Each test must be repeated 3 times to ensure the accuracy of the data. 

 

Figure 1: Visualization test device. 
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3. Results and Discussion 

3.1. The Evolution of the Flow Patterns 

The flow patterns of the RR-OHP (a = 0 m/s2) include slug flow and annular flow. Slug flow (Fig. 2b) occurs when 

its diameter is close to the internal flow channel of the RR-OHP, the bubble morphology is complete and belongs 

to the Taylor bubble. The tracked bubbles move from the evaporator to the condenser, where they grow and 

develop in the adiabatic section and condense into the liquid phase when they reach the condenser. the bubble 

length of the slug flow continues to increase and a long slug plug is formed until the annular flow appears (Fig. 2c) 

with the increasing heat flux, which occurs when the bubble in the evaporator is heated to become a long slug 

plug through the adiabatic section, which generates an annular liquid film, with the traced slug plug passing 

through the condenser and returning, the annular liquid film gradually moves towards the condenser, and finally 

disappears at the condenser, and the following long slug plug moves to the evaporator end near the inlet of the 

other side of the RR-OHP, and the new slug plug is about to develop into an annular flow. At low heat flux, annular 

flow cannot be generated due to insufficient driving force.  

RR-OHP (a > 0 m/s2) has four kinds of flow patterns. Two of them are the same as the RR-OHP (a = 0 m/s2), the 

others are its unique flow patterns. The flowless (Fig. 2a) occurs with no phase generating. The churn flow (Fig. 2d) 

occurs as the deformation of bubbles, and due to the violent movement of the liquid flow, which leads to the 

breakage of the bubbles, the formation of various sizes of air mass, and the bubbles move chaotically towards the 

condenser in the liquid flow. Churn flow is related to the centrifugal acceleration and only occurs when the 

centrifugal acceleration reaches a certain value. 

 

Figure 2: Flow pattern: (a) Flowless, (b) Slug flow, (c) Annular flow, and (d) Churn flow. 

As shown in Fig. (3), when the RR-OHP runs smoothly, its flow pattern is mainly slug flow. With increasing heat 

flux, the flow pattern of RR-OHP changes from slug flow to annular flow at rotation speeds n = 0 rpm and n = 140 

rpm, and the length of the bubbles increases. Due to the smaller centrifugal acceleration at this speed, which has 

little effect on the RR-OHP, the flow pattern under rotational conditions is similar to stationary. When n = 280 rpm 

and n = 430 rpm, the flow pattern of RR-OHP is slug flow and the length of the vapor plug is increasing, annular 

flow is not observed at this time because the increase in centrifugal acceleration limits it and this condition makes 

it hard for annular flow to occur. When n = 580 rpm, n = 716 rpm, and n = 860 rpm, the flow pattern of RR-OHP 

changes from flowless to slug flow and then into churn flow. This is because the boiling point increases with high 

centrifugal force, resulting in the RR-OHP at low heat flux where there is no phase change generated. At high heat 

flux, the RR-OHP begins to appear slug flow due to the temperature of the evaporator increases, and even the 

emergence of churn flow of this new flow type, which is due to the high centrifugal force and the high driving force 

of the combined effect of the surface morphology of the bubbles is destroyed, the formation of violent movement 

of the air mass and the phenomenon of the broken small bubbles in the tube movement. 
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Figure 3: Flow pattern distribution map.  

In conclusion, in test conditions, the main flow pattern is slug flow. The flow pattern evolves into churn flow 

with centrifugal acceleration and heat flux, and there is a transitional phase in which the two types of flow 

patterns appear alternately. The centrifugal acceleration determines the final flow pattern of the RR-OHP, while 

the heat flux influences the evolution of the flow pattern by affecting the intensity of motion and the length of the 

vapor plug. 

3.2. The Transformations of the Motion Modes 

The motion modes of RR-OHP (a = 0 m/s2) include oscillatory motion and cyclic motion. As shown in Fig. (4a), 

the tracked bubble moves counterclockwise with time, grows to form a long slug plug at the adiabatic section, 

then passes through the condenser bend and begins to condense, it becomes small, refluxes along the adiabatic 

section and then returns to the evaporator and grows again at the evaporator to complete the cyclic process. The 

tracked bubble moves first clockwise and then counterclockwise with time in Fig. (4b). It moves to the condenser 

and condenses, without going through the condenser bend, because of the pressure along the adiabatic section 

and back to the evaporator, and then through the evaporator bend, the bubble grows, its length increases, and 

then arrives at the condenser and returns to the evaporator, such a reciprocating motion is an oscillatory motion. 

The motion modes of the RR-OHP (a > 0 m/s2) include cyclic motion, oscillatory motion, unilateral boiling, and 

bilateral boiling. Their cyclic motion and oscillatory motion are similar to the motion modes of RR-OHP (a = 0 

m/s2), so they are not repeated here. As shown in Fig. (4c), it is the unilateral boiling, where the tracked bubble 

moves clockwise with time, moving from the outlet of the evaporator, growing and increasing its volume, to the 

inlet of the condenser, condensing into the liquid phase and forming a liquid film. With the effect of the 

centrifugal force, it returns to the evaporator along the same side of the adiabatic section, and the other side of 

the RR-OHP does not generate bubbles. As shown in Fig. (4d), the bilateral boiling is pretty similar to the unilateral 

boiling, we can see that the bilateral boiling is the upgrade motion mode. The bilateral boiling process of the slug 

plug with the development of time, and the process of the tracked bubble is similar to the unilateral boiling. The 

bubble of bilateral boiling goes from both sides of the evaporator to the condenser. Near the condenser inlet, it 

condenses to the liquid phase, refluxes on the same side, and returns to the evaporator with the effect of the 

centrifugal force. 

As shown in Fig. (5), when the RR-OHP runs smoothly, its main motion modes are unilateral boiling and 

bilateral boiling. With increasing heat flux, when the rotation speed n =0 rpm and n =140 rpm, the motion mode is 

transformed from oscillatory motion to cyclic motion, which is due to the insufficient driving force at the low heat 

flux, and the working fluid does not pass through the condenser bends by the effect of the motion resistance and 

the driving force is large at the high heat flux so that it can realize the cyclic motion. Due to the small centrifugal 
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force, the motion form of the RR-OHP is the same as that in the stationary state. When n =280, 430, 580, 716, and 

860 rpm, the RR-OHP appeared to be unilateral boiling and bilateral boiling two new forms of motion. Its motion 

mode changes from oscillatory motion to unilateral boiling and then to bilateral boiling, due to the increase in 

centrifugal acceleration, the working fluid of the movement of the resistance increases, making it difficult to pass 

through the bend at the end of the condenser but directly condensing back to the evaporator with the capillary 

phenomenon weakened, so there is a unilateral boiling. With increasing heat flux, the movement of the RR-OHP 

intensifies the emergence of bilateral boiling with the driving force increasing. The movement process of these 

two processes is shortened, so the circulation is accelerated. 

 

Figure 4: Motion mode: (a) Oscillatory motion, (b) Cyclic motion, (c) Unilateral boiling, and (d) Bilateral boiling. 

 

Figure 5: Motion mode distribution map. 

In conclusion, in the test conditions, the main motion modes are unilateral boiling and bilateral boiling. As the 

centrifugal acceleration and heat flux increase, the motion mode changes to bilateral boiling, and the transition 

process is smooth and non-abrupt. The motion mode of the RR-OHP is closely related to the centrifugal 

acceleration and heat flux. At low centrifugal acceleration, the motion mode changes from oscillatory motion to 

cyclic motion. At high centrifugal acceleration, the oscillatory motion changes to unilateral boiling and then to 

bilateral boiling. 
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4. Conclusion 

This paper studies the flow patterns and motion modes of RR-OHP with different centrifugal accelerations and 

heat fluxes. It reveals the evolution of the flow pattern and the transformations of the motion mode and 

elucidates the principle of centrifugal acceleration and heat flux on the flow pattern and motion mode, and the 

flowing is the conclusions: 

When the heat flux is increased from 20000 W/m2 to 40000 W/m2, the flow pattern of RR-OHP will gradually 

change to churn flow and its motion mode will change to bilateral boiling. Flow pattern evolution and motion 

mode transformation are smooth and non-abrupt. The main flow pattern of RR-OHP filled with methanol is slug 

flow and the main motion modes of it are unilateral boiling and bilateral boiling.  

The flow pattern is strongly correlated with the centrifugal acceleration. When the heat flux is increased from 

20000 W/m2 to 40000 W/m2, the flow pattern changes from flowless to slug flow and then into annular flow or 

churn flow. The centrifugal acceleration determines the final flow pattern of the evolution of the flow patterns. The 

final flow pattern is annular flow when a < 172 m/s2 and it is churn flow when a > 172 m/s2. The heat flux affects 

the evolution process by influencing the intensity of the movement and the timeshare of different flow patterns. 

The motion mode is closely related to the heat flux and centrifugal acceleration. When the heat flux increases 

from 20000 W/m2 to 40000 W/m2, the motion mode changes from oscillatory motion to cyclic motion when a < 

172 m/s2, from unilateral boiling to bilateral boiling when 172 m/s2< a < 737 m/s2 and it is transformed from 

oscillatory motion to unilateral boiling and then into bilateral boiling when a > 737 m/s2.  

Nomenclature 

RR-OHP = Radial-rotating oscillating heat pipes 

AR-OHP = Axial-rotating oscillating heat pipes 

OHP = Oscillating heat pipes 
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