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Abstract: Generally, it is known that the condition of local static 
pressure for the inception of cavitation in water is not always in 
the saturated vapor pressure but varies with the flow field. This 
is called the scale effect of cavitation, and it is believed that the 
scale effect of cavitation is affected by the dissolved gases in the 
working fluid and Reynolds number of the flow field. In this study, 
decompression experiments of water were conducted in a 
rotating concentric double-cylinder to determine how the local 
shear filed affects the conditions for the inception of cavitation in 
water.  

 

1 Introduction 

Currently, hydroelectric power, a decarbonized power source, is attracting attention 
to achieve carbon neutrality by 2050 in Japan. Depending on the location of the power 
plant and the needs of the users, the design input conditions such as head, discharge, 
rotational speed, and type of machines are different. Therefore, each power plant 
requires the development of a hydro turbine that is best suited to its specific needs. 
Kaplan turbines are adjustable blade turbines that are operated at the optimal blade 

position for each operating point, and therefore operate over a wide operating range.  
Fig.1(a) shows a photograph at the test point where tip cavitation occurs in a Kaplan 

turbine model test. Fig.1(b) shows the pressure contour of numerical result using CFD 
(Computational Fluid Dynamics). CFD was performed assuming single-phase liquid 

flow. The pressure distribution is calculated by 𝐶P = (𝑃 − 𝑃𝑡,out) (𝑃𝑡,in − 𝑃𝑡,out)⁄ , where 

𝑃𝑡,in, 𝑃𝑡,out are the total pressures at the inlet and outlet of boundary, and 𝑃 is the local 

static pressure. The pressure distributions are shown on six cross sections (1)-(6) 
which are cut at a constant angle in the circumferential direction. Fig. 1(a) shows the 
view from the side, while Fig. 1(b) shows the inlet view so that the pressure distribution 
can be seen. The CFD results near tip do not show a sufficient pressure drop to 
reproduce the cavitation in the model test. Therefore, in order to clarify the mechanism 
of tip cavitation and perform optimal design of the fin, it is necessary to reproduce the 
cavitation in the model test using CFD. 
Due to the development of computer-related technologies, optimization using CFD  is 

now conducted in the development of hydro turbines, in which cavitation models are 
used to reproduce the occurrence of cavitation. Current numerical analysis methods 
for cavitation flow based on the homogeneous model use a phase change model based 
on the phase equilibrium at saturated vapor pressure, in which evaporation occurs 
when the local static pressure of the flow falls below the saturated vapor pressure and 
condensation occurs when the local pressure rises above it. However, in actual 
cavitation occurrence in water, it has been reported that the local pressure of inception 
of cavitation is not the saturated vapor pressure [1]. Arndt reported that the incipient 
pressure changes because of the effects of turbulence and gaseous cavitation, both of 
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which he calls dimensional effect [2]. Gaseous cavitation is cavitation caused by the 
separation of non-condensable gas dissolved in the liquid when the nucleus is exposed 
to a low-pressure area for an extended period due to vortex or detachment. However, 
the phenomenon of inception of cavitation under pressure conditions higher than the 
saturated vapor pressure due to the separation of dissolved gas is not considered in 
current numerical analysis methods for cavitation flow. 
Another liquid in which gaseous cavitation is dominant is oil, which is easily soluble 

in gas and has a very low saturated vapor pressure. Regarding the inception of 
cavitation in oil, Hayword measured the maximum tolerable tension of various liquids 
and reported that bubbles did not occur even at -15 kPa in liquids other than water, but 
bubbles did occur when the inner walls of the container were rubbed with soft silicone 
rubber, indicating that the flow pattern affects the occurrence of bubbles [3]. Also, 
Yamaguchi showed that the initial pressure of bubbles changes by changing the 
rotation speed in an experimental apparatus in which hydraulic fluid base oil is sealed 
between rotating concentric cylinders and clarified that the shear state of the flow has 
a significant effect on the occurrence of cavitation of the base oil [4].  
From the above, we consider that not only static pressure but also stimulation by flow 

such as shear and turbulence have a strong influence on the occurrence condition of 
gaseous cavitation. 
The purpose of this study is to clarify the factors in variation of the occurrence 

pressure of cavitation in water. For this purpose, decompression experiments using 
rotating concentric cylinders are conducted to investigate the influence of the shear 
strength and dissolved gas in simple shear flow. The shear flow between the rotating 
concentric cylinders corresponds to the local shear condition in the cavitating flow field. 
In addition, to estimate the flow stimulation of the shear flow, which is considered to 
affect on the occurrence pressure, a numerical analysis of a single-phase liquid flow is 
conducted in the concentric cylinder. The tip cavitation of the Kaplan turbine model 
may be vortex cavitation due to leakage flow passing through the gap caused by the 
pressure difference between the pressure surface and the suction surface. However, 
the tip cavitation shown in Fig. 1(a) is spike-like cavitation that is discontinuous in the 
flow direction and is likely related to Taylor vortices caused by shear flow. Therefore, 
in this study, we focused on the shear flow as an approach. 
 

  
(a) Model test (b) CFD (Pressure distribution) 

Fig.1. Comparison between the model test and the pressure distribution of CFD 
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2 Decompression experiment 

2.1 Experimental Setup 

Experiments were conducted to investigate the relationship between flow state and 
the occurrence of cavitation in water. In this experiment, a concentric cylinder 
experimental apparatus with a rotating inner cylinder used in a previous study [5] was 
used to investigate how ease the bubble occurs according to the change in the rotation 
speed of the inner cylinder and the amount of dissolved oxygen (DO) in the water in a 
simple shear flow state. A schematic diagram of the experimental apparatus is shown 
in Fig. 2 (a). And the test section is shown in Fig. 2 (b). The experimental apparatus 
consists largely of a test section, a motor, and a vacuum pump. The test section 
consists of an inner cylinder with the diameter 110 mm made of brass and an outer 
cylinder with the inner diameter 120 mm made of acrylic plastic, and the clearance 
between the cylinders is 5 mm. Also, the length of the visualization section is 120 mm. 
Purified water is filled into this cylinder clearance. The density and kinematic viscosity 
of water are 997 kg/m3 and 8.93×10-7 m2/s at 25°C, respectively.  
The experiment was conducted by setting the rotating speed of the inner cylinder at 

several constant value and the vacuum pump reduced the pressure between the two 
cylinders at a constant speed until a bubble of about 10mm could be seen. In the 
present study, it was defined as the inception of cavitation when the diameter of the 

bubbles reached 100 𝜇 m. In addition, the pressure during decompression was 
recorded by a data logger, and together with the video camera images, the pressure 
at the inception of cavitation (Separation pressure 𝑝𝑠) was measured. The camera 
used in this study was a commercial video camera (Sony, FDR-AX100) with a frame 
rate of 30 fps and exposure time of 1/3000 second during decompression to record the 
occurrence of bubbles for a long time. For the detection of bubbles, a 20 mm area from 
both ends of the cylinder was omitted and an 80 mm area in the center was used. 
 

  
(a) (b) 

Fig.2. Experimental setup 

 

2.2 Experimental conditions 

Purified water was used as the working fluid. Also, the temperature was set at room 
temperature which is 25 °C. As for the rotation speed of the inner cylinder, it is from 30 
min-1 to 300 min-1, which corresponds to 292 to 2919 when converted to Taylor number. 
Here, Taylor number is a dimensionless number that represents the rotation speed of 
the inner cylinder, and it is expressed as in equation (1). 
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𝑇𝑎 =
𝑈𝐶

𝜈
√

𝐶

𝑅1

(1) 

Where, 𝑈 is the rotation speed of the inner cylinder, 𝐶 is the clearance between the 

two cylinders, 𝑅1 is the radius of the inner cylinder, and 𝜈 is the kinematic viscosity of 
the water. It is well known that the flow pattern changes from the Couette flow to 
turbulent Taylor vortices with the increasing Taylor number in a flow field of two rotating 
concentric cylinders [6]. In this study, when only the inner cylinder rotates, the Couette 
flow occurs at 𝑇𝑎 < 35.6, Taylor vortex flow occurs at 35.6< 𝑇𝑎 < 54.58, wavy vortex 

flow occurs at 54.58< 𝑇𝑎 < 297.84, modulated waves occurs at 297.84 < 𝑇𝑎 < 414.56, 
and the flow becomes turbulent Taylor vortices at 414.56< 𝑇𝑎  in the present 

determination of 𝑇𝑎. In addition, the DO value was used as a parameter to represent 
the amount of dissolved oxygen in water, and experiments were conducted under three 
conditions: high DO (around 100% of saturation), meddle DO (around 60% of 
saturation), and low DO (around 30% of saturation). And in this decompression 
experiment, the decompression rate was set at -65.0 kPa/min. The experiment was 
conducted three times for each condition. 
 

2.3 Experimental result 

Fig. 3 shows a graph of the measured separation pressure 𝑝𝑠 at different rotation 
speeds and DO. First, the saturated vapor pressure in water at 25°C is about 3 kPa. 
However, bubbles initially appeared at pressures higher than 3 kPa under all conditions 
and the values varies for the flow and fluid conditions. It indicates that the initial 
occurrence of cavitation is considered to be not evaporation but separation of dissolved 
non-condensable gas. The result also indicates that the separation pressure varies 
according to the situation of the flow stimulation. Additionally, it was also shown that 
the higher the amount of dissolved oxygen, the higher the separation pressure, i.e., it 
tended to release more easily. Furthermore, the separation pressure tended to 
increase linearly with increasing rotation speed for all DO conditions.  

Next, the Taylor number 𝑇𝑎 of the rotation speed is also shown in the horizontal axis 
in Fig. 3. The results show that in the turbulent Taylor vortices region (𝑇𝑎>414.56), the 
separation pressure increases linearly with increasing Taylor number. In addition, there 
is a region where the separation pressure decreases as the Taylor number increases 
on the low Taylor number side. The negative variation of separation pressure is 
considered to be caused by the transition of flow patterns from modulated waves to 
turbulent Taylor vortices judging from Taylor number.  
Next, Fig. 4 shows the variation of separation pressure 𝑝𝑠 with DO at 120 min-1, 210 

min-1, and 300 min-1. The figure shows that the separation pressure also tends to 
increase linearly with DO at each rotation speed. 
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Fig.3 Relationship between rotation speed of inner cylinder and separation pressure 

 

 
Fig.4 Relationship between amount of dissolved oxygen in water and separation pressure 

 

3 Numerical Analysis 

3.1 Analysis Condition 

In this study, numerical analysis was conducted in a single-phase liquid-phase flow 
of water to investigate the flow stimulation affecting the variation of separation pressure 
obtained from the experiments conducted in Section 2. A commercial CFD software, 
ANSYS Fluent 2024 by ANSYS, Inc., is used in this study. The calculation area is the 
clearance between the rotating inner cylinder and the stationary outer cylinder in the 
test section of the experimental apparatus in the same size. Fig. 5 shows the 
calculation area. The no-slip condition was adopted to the inner and outer walls. There 
is no fluid inflow or outflow into the calculation area. 
Analysis conditions are shown in Table 1. For fluid, physical properties of water at 

25°C were used. Rotation speed of the rotating wall was the same as in the experiment 
and ranged from 30 min-1 to 300 min-1. In addition, although the pressure was externally 
decompressed by a vacuum pump in the experiment, but in this analysis, it was 
calculated as there was no decompression because the flow field without cavitation 
was reproduced by the analysis. Before performing the unsteady analysis, a steady 
state calculation was performed using the RANS model as a preliminary calculation, 
and after the calculation had converged to some extent, transient analysis was 
performed by the LES with Smagorinsky-Lilly model. In addition, the instantaneous 

[min-1] 
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flow field at the moment after two rotations of inner cylinder from the start of transient 
calculation is used as numerical result. 
 

  
Fig.5 Calculation area 

 
Table.1 Analysis conditions 

Model 
Fluid Liquid, Water@25℃ 

Viscous/Inviscid Viscous 

Laminar/Turbulent  Turbulent  

Solver 
Pressure-based 

Transient 

Pressure-Based Algorithm SIMPLE 

Turbulent model 
Large Eddy Simulation, Smagorinsky-

Lilly 

Special 
Discretization 

Gradient Least square cell based 
Pressure Second Order 

Momentum Bounded Central Differencing 

Transient 
Formulation 

 Second Order Implicit 

Boundary 
condition 

Inner cylinder Rotation wall 
Other walls No-slip condition 

Operating Pressure 101,325 Pa 

 

3.2 Analysis Result 

As for the example of flow stimulation term, strain rate, Q value, and kinetic energy in 
sub-grid scale were estimated from the numerical results and the correlation with the 
experimental results of separation pressure was considered in this study. As for the 
analysis results, the values for the area excluding the 20 mm at both ends of the x=0 
plane were extracted. 
The strain rate is defined by the following equation (2). 

𝑺 =
1

2
(∇𝑢 + (∇𝑢)𝑇) (2) 

In equation (2), ∇𝑢 is the velocity gradient tensor 
The Q criteria which are second invariant of the velocity gradient tensor is defined by 

the following equation (3). 

𝑸 =
1

2
(Ω𝑖𝑗Ω𝑖𝑗 − 𝑆𝑖𝑗𝑆𝑖𝑗) (3) 

where Ω𝑖𝑗 is the vorticity tensor and 𝑆𝑖𝑗  is the strain rate tensor. 

The kinetic energy is defined by the following equation (4). 
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𝑘𝑆𝐺𝑆 = (
𝜈𝑆𝐺𝑆

𝐶𝜈∆
)

2

(4) 

where 𝜈𝑆𝐺𝑆 is the SGS eddy viscosity, 𝐶𝜈 is a model constant of 0.05, and ∆ is the 
subgrid filter length. In this study, sub-grid scale model of LES is used to the estimation 
of the kinetic energy. 
Fig. 6 shows a plot of the numerical results of maximum value of (a) strain rate, (b) Q 

criteria, and (c) kinetic energy in the shear flow between the two cylinders at each 
rotation speed. As shown in Fig. 6, the maximum value of the strain rate increases 
linearly with increasing rotation speed. The Q value has peaks at 180 min-1 and   
270 min-1, and the SGS kinetic energy increases in an exponential distribution, with 
the rate of increase decreasing at the last 300 min-1. Under the flow conditions of this 
study, the separation pressure increased linearly with rotation speed, and the strain 
rate, which also increased linearly with rotation speed, was considered to be the most 
highly correlated dominant factor in separation. 

 
(a) Strain rate (b) Q criteria (c) Kinetic energy 

Fig.6 The numerical results of maximum value of flow stimulations in the shear flow between the 
two cylinders in non-cavitation condition 

 
The relationship between experimental separation pressure 𝑝𝑠  against each 

numerical flow stimulations are shown in Fig. 7. Although the correlation with the region 
of negative slop of the separation pressure in low rotation speed region around Ta = 
400 in the experiment shown in Fig. 3 must be examined, but in this study, overall 
correlation is examined. The correlation rates in each stimulation are 0.981 in strain 
rate, 0.914 in Q criteria, 0.953 in kinetic energy at middle DO. Then, it is shown that 
the strain rate of the flow filed has the highest correlation with separation pressure of 
cavitation inception in water among the three flow stimulations examined in this study.  
 

 
(a) Strain rate (b) Q criteria (c) Kinetic energy 

Fig.7 The correlation between experimental separation pressure and numerical flow stimulations 

 

[min-1] [min-1] [min-1] 
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From the results of separation pressure in Fig. 7(a) and Fig. 4, an empirical model of 
cavitation inception in water can be derived as a function of local strain rate of the flow 
filed and DO in the mainstream and it can be applied to the numerical simulation of 
cavitation in hydro-turbine in the future study. In the model, the threshold of occurrence 
of cavitation will be variable in the flow field around the hydro-turbine because the strain 
rate is variable in the flow filed. As an example, the numerical result of strain rate 
distribution around the  model Kaplan turbine in non-cavitation condition is shown in 
Fig.8. Fig. 8 shows the results from the same view and cross section as Fig. 1(b).As 
shown the figure, the strain rate is higher around the tip region of the blade which 
corresponds to the region where cavitation occurs actual model Kaplan turbine.   

     

 
 

 

 

 
 

 

 
 

 
 
 

Fig.8 Example of distribution of strain rate around the model Kaplan turbine in non-cavitation 
condition 

 

4 Conclusion 

In the present study, a decompression experiment of water using two rotating 
concentric cylinders was performed to show the actual characteristics of the 
occurrence of cavitation in shear flow of water. The results are summarized as follows. 
 
 Bubble with 100 micro m diameter initially appeared at pressures higher than 

saturated vapor pressure, and the pressure, separation pressure, varies according 
to the shear strength and the amount of dissolved gas. for the flow and fluid 
conditions. The separation pressure tended to increase linearly with increasing 
rotation speed of inner cylinder and DO amount, respectively. 

 Numerical analysis was conducted in a single-phase flow of water in the rotating 
concentric cylinders to investigate the flow stimulation affecting the variation of 
separation pressure. The strain rate, Q value, and kinetic energy in sub-grid scale 
were estimated from the numerical results and the correlation with the 
experimental results of separation pressure was investigated. 

 From the results of the relationship between experimental separation pressure and 
each numerical flow stimulations, it is shown that the strain rate of the flow filed 
has the highest correlation with separation pressure of cavitation inception in water 
among the three flow stimulations examined in this study. 
 

In the future study, the flows with more week shear, where Couette flow, Taylor vortex 
flow, wavy vortex, and modulated waves flow occur, have to be investigated, and the 
cavitation inception model which can apply the whole flow field in the hydro-turbine will 
be derived. 
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