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A fundamental study of disappearance phenomenon of partial cavitation on the NACA 16012 hydrofoil
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For the purpose of understanding of the basic characteristics of cavitation, a number of studies have been conducted using the hydrofoil. An experimental study using NACA16012 hydrofoil was conducted in order to investigate the relationship between cavitation and boundary layer. In the study, it was reported that partial cavitation disappeared in spite of decreasing cavitation number. The authors have reproduced the disappearance phenomenon using the same hydrofoil in the previous study at Tohoku University. Details of the disappearance phenomenon have not been described in the article, and research related to the phenomenon has never carried out and clarified by other researchers. Therefore, in the present study, reproduction experiment of the disappearance phenomenon is conducted with the cavitation tunnel at Kyushu University using NACA16012 hydrofoil and in order to clarify the mechanism of the disappearance phenomenon, lift and drag force and pressure distribution is measured in non-cavitation condition. As the experimental result, the disappearance phenomenon is observed and the boundary layer characteristics are different from other region the cavitation disappearing phenomenon occurs. In addition, by analyzing the pressure fluctuation at downstream of the hydrofoil, it was found that the disappearance phenomenon is observed in a certain frequency bands of cloud shedding.

INTRODUCTION

Cavitation is the unique phenomenon to a fluid machine with water as working fluid. Cavitation occurs when the local pressure of fluid is decreased roughly below the saturated vapor pressure. Cavitation is organized by the cavitation number σ defined as,

σ = p ∞ -p v 1 2 ρ ∞ U 2 ∞ , where p ∞ is mainstream static pressure [Pa], p v is saturated vapor pressure [Pa], ρ ∞ is density of liquid [kg/m 3 ] and U ∞ is mainstream velocity [m/s].
Cavitation has an undesirable effect on fluid machinery such as vibration and erosion. Especially, the cavitation on the hydrofoil has an important problem because mechanical properties such as lift and drag force are influenced by the form of the cavitation. Therefore, a number of studies have been conducted using the hydrofoil for understanding of the cavitation on the hydrofoil. An experimental study has been conducted in order to investigate the relationship between cavitation patterns and boundary layer [START_REF] Franc | Attached cavitation and the boundary layer: experimental investigation and numerical treatment[END_REF]. Figure 1 shows the cavitation patterns on the hydrofoil in deaerated water organized by the cavitation number σ and the angle of attack α conducted at Grenoble University. The line part in figure 1 represents non-cavitation region. Unexpected cavita-tion behavior is seen around α = 4. As cavitation number decreasing, cavitation patterns change as non-cavitation, partial cavitation, non-cavitation and finally super cavitation.

In that paper, it is described as follows that at this angle of attack, laminar separation occurs close to the leading edge immediately followed by transition, so cavitation can only develop for a short time and the unexpected behavior is seen. However, this hypothesis explain merely that the cavitation inception is delayed due to the specific boundary layer and it does not explain that why partial cavitation disappear in spite of cavitation number decrease.

As shown in figure 2, the authors have reproduced the disappearance phenomenon on NACA16012 hydrofoil in the previous study conducted at Tohoku University [START_REF] Iga | Experimental study of appearance of thermodynamic effect on cavitation in hot water[END_REF]. However, cavitation tunnel used in that study has large blockage effects, so it is necessary to consider whether the cavitation disappearance phenomenon occurs due to the influence of the tunnel or the phenomenon peculiar to the hydrofoil.

In the present study, in order to confirm that the cavitation disappearance phenomenon is not due to the blockage effect of cavitation tunnel, reproduction experiment is conducted using cavitation tunnel different from the tunnel used in previous study. Also, lift and drag force and pressure distribution on the hydrofoil are measured in non-cavitation condition in order to clarify the mechanism of the disappear-ance phenomenon. In addition, by analyzing the the pressure fluctuation at downstream of the hydrofoil measured in the previous study [START_REF] Iga | Experimental study of appearance of thermodynamic effect on cavitation in hot water[END_REF], relationship between unsteady characteristics of cavitation and cavitation disappearance phenomenon.

Angle of attack α (deg.)

Cavitation number σ (-) holes with a diameter of 0.5 [mm] are provided on the hydrofoil surface and connected to pressure transducers for measuring the pressure distribution on the suction surface of hydrofoil. Lift and drag force is measured by 2 gauges method using a cantilever beam with 4 strain gauges attached to each sides of a rectangular cross section. Lift and drag force and the pressure distribution is measured for 50 [s] at sampling frequency 10 [kHz] and time averaged. In this experiment, the flow velocity is kept fixed at 5.4 [m/s] (Re = 4.8 × 10 5 ) and 9.2 [m/s] (Re = 1.0 × 10 6 ). The static pressure is decreased gradually from non-cavitation condition to bubble cavitation condition. The change of the cavitation patterns is observed and cavitation number is recorded at the same time.

In order to investigate the unsteady characteristics of cavitation, FFT analysis of the pressure fluctuation at downstream of hydrofoil was conducted using measured in a vious study conducted with the cavitation tunnel at Tohoku University. It must be noted that it is a result of a different from the cavitation tunnel the hydrofoil characteristics measured.

RESULTS AND DISCUSSION

Reproduction experiment

Figure 4 shows the aspect of cavitation on NACA16012 hydrofoil at Re = 1.0×10 6 , α = 4. The inception of cavitation was observed at σ = 1.0. Cavitation get longer as the cavitation number decreasing (σ = 0.9), and unsteady sheet cloud surizing experiment is more repeatability than the incipient cavitation during the decompression experiment [START_REF] Billet | Scale effects on various types of limited cavitation[END_REF]. However in this study, the depressurizing experiment was conducted because the cavitation disappearance phenomenon did not occur in the pressurizing experiment due to lots of the remaining bubble created by cavitation.

Even though the angle of a ack of the disappearance phenomenon occurs is different from previous studies, this phenomenon is seen at three different cavitation tunnels.

erefore it is considered that the cavitation disappearance phenomenon is not caused by the influence of the tunnel but peculiar to NACA16012 hydrofoil.

The hydrofoil characteristics

We can obtain the knowledge about the boundary layer around the hydrofoil which is closely related to cavitation pa erns is obtained by measuring the li drag and the hydrofoil surface pressure distribution in the non-cavitation condition.

e li coefficient C L , drag coefficient C D and pressure coefficient C p are defined as,

C L = L 1 2 ρ ∞ U 2 ∞ A , C D = D 1 2 ρ ∞ U 2 ∞ A , C p = p ∞ -p 1 2 ρ ∞ U 2 ∞ ,
where A is the hydrofoil area, L is the li force, D is the drag force, and p is the measured pressure on the hydrofoil. Figure 6 shows the results of time-averaged li and drag coefficient in non-cavitation condition. It can be seen that the gradient of the li coefficient changes at the angle of attack α = 3 to 5 where cavitation disappearance phenomenon was observed at Re = 1.0×10 6 . Moreover, it can be seen the similar changes around the same angle of a ack, even at Re = 4.8×10 5 where cavitation disappearance phenomenon was not observed.
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Figure 7 shows the results of timeaveraged pressure distribution on the suction surface of the hydrofoil with noncavitation condition. In figure 7 (a), local pressure increase is seen around x/C = 0.55 only under the condition of Re = 1.0×10 6 and α = 3.5 where the cavitation disappearance phenomenon was observed. Since it is a time averaged result, the increase of local pressure is considered to be due to the stationary existence of separation bubble. As shown figure 7 (b), local pressure increase is not seen at Re =4.8×10 5 . Therefore, cavitation disappearance phenomenon occurs at the angle of attack where the separation bubble stationary exist on the midspan of the hydrofoil. Consideration on the boundary layer will be examined in detail by using oil film method.
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} Cavitation disappearance occurs } Cavitation disappearance does not occur to cavitation number at each angle of attack is shown in figure 8. At α = 8, 9 cavitation disappearance phenomenon does not occur, the dominant frequency tends to decrease as cavitation number decreases. This is the characteristic tendency of general sheet cloud cavitation [START_REF]Spectral characteristics of sheet/cloud cavitation[END_REF]. However, at α = 6, 7 at which cavitation disappearance phenomenon occurs, the frequency takes a low value even in the high cavitation number. In addition, as the cavitation number decreases, the frequency after cavitation reappears is higher than the frequency before cavitation disappears. At the angle of attack at which cavitation disappearance phenomenon occurs, it can be seen that the frequency characteristic of cavitation changes. And focus on the frequency before and after cavitation disappearance, it can be seen that cavitation disappears in a certain range of frequency band (from 58 to 62 [Hz]) in spite of different cavitation number. Although the cavitation tunnel is different, it can be inferred that the stationary existence of separation bubble and the dominant frequency of cavitation may contribute to the cavitation disappearance phenomenon string together with the consideration of the boundary layer.

CONCLUSION

This study is aimed to clarify the mechanism of cavitation disappearance phenomenon. Reproduction experiment of this is conducted using cavitation tunnel established at Kyushu University. And lift and drag force and pressure distribution is measured in non-cavitation condition in order to investigate the basic characteristics of NACA16012 hydrofoil. In addition, unsteady characteristics of cavitation is investigated by analyzing the pressure fluctuation of the downstream of hydrofoil. 1. Compared with previous studies, even in the cavitation tunnel with smaller blockage effect at Kyushu Uni-versity, cavitation disappearance phenomenon is observed although the condition of the phenomenon. So, this phenomenon is unique to NACA 16012 hydrofoil. 2. It was found that the gradient of lift coefficient changes and there is a stationary existence of separation bubble at the angle of attack where cavitation disappearance phenomenon occurs. 3. The angle of attack at which cavitation disappearance phenomenon occurs, it was found that the unsteady characteristic of cavitation make a big chage and cavitation disappears at a certain range of frequency band.

Further study will be conducted for hydrofoil topics.

1. Measure the pressure distribution of the suction surface of the hydrofoil in the region cavitation disappears and compare with the pressure distribution in non-cavitation condition. 2. Conduct experiments to investigate the details of the boundary layer by oil film method.
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 1 Figure 1. NACA16012: Cavitation patterns at Grenoble Univ. (Re = 1.0 × 10 6 )
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 23 Figure 2. NACA16012: Cavitation patterns at Tohoku Univ. (Re = 9.7 × 10 5 )
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 45 Figure 4. Aspect of cavitation (Re = 1.0×10 6 , α =4)
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 6 Figure 6. Li and drag coefficient in non-avitation condition
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 7 Figure 7. Pressure distribution on the suction surface in non-cavitation condition
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 8 Figure 8. Relationship between cavitation number and frequency at Tohoku Univ. (Re = 9.7 × 10 5 )
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