Bb H» LB w®

K % A HE K

7 5 % i &t (O

YHNEEFEFHAH FR23F3H25H

PG OBIER  ZAOTHIHIEE 4 5855 1 18

WIERl, HWOEM  BIERZERANE LAFER ([ H30E) 8 X7 L7V 1 >~ THHER

i & X & H Study of Numerical Prediction of Cavitation Erosion Based on Bubble
Collapse Intensity (XGEAAER S ICE DL Fy ETr— g3 VHEED
BUETHEDWFE)

B H H B RSB ik FIE
Wh gt fE O B 8 RIEREBE O i
i X EAEZEZE R IE UORAEER N R AL PEUR a5k

RAEREAR Ml 1 RALRZBIE O i

il LN A S

Cavitation erosion causes material fracture of the fluid machinery because of the violent collapse of a cavitation bubble

or bubble cluster upon arrival at a region where the ambient pressure recovers. The repetition of the bubble collapse
causes severe erosion such as material fracture on the material surface when fluid machinery operates for a long time
on cavitation. Therefore, the establishment of a method by which to numerically predict the intensity or the amount
of cavitation erosion in a cavitating flow is desired from an industrial point of view. However, it is difficult to treat all
phenomenon of cavitation erosion from a cavitation collapse to the damage on a fluid machinery after long time operation
directly because cavitation erosion is a temporally and spatially multi scale phenomenon and there has not been the
practical numerical method yet. Therefore, in the present study, a numerical prediction method of cavitation erosion in a
cavitating flow is proposed and the validity of the numerical method is discussed. This prediction method is constituted
of following four processes: 1. numerical analysis of a cavitating flow, 2. numerical analysis of the bubble in the flow, 3.
evaluation of the impulsive pressure induced by a bubble collapse, 4. evaluation of the intensity of cavitation erosion or
quantitative prediction of cavitation erosion from the impulsive pressure.

Cavitation erosion is known to be dependent on a generating cavity pattern. This indicates that accurate numerical
simulation of a cavitating flow is important to predict cavitation erosion numerically. In chapter 3, the numerical analysis
of the cavitating flow around a hydrofoil is performed using the numerical method based on a compressible locally
homogeneous model of a gas-liquid two-phase medium. In the present model, the two-phase medium is treated as a
pseudo-single-phase medium, which has a locally homogeneous void fraction. The two-phase flow with cavitation or two-
phase medium inside and outside bubble is solved efficiently by this model. Since this model considers the compressibility
of the two-phase flow, the propagation of pressure wave can be captured also in liquid phase. The cavitating flows around
aClark Y 11.7% and a NACAO0015 hydrofoils are picked up. From the numerical analysis the present numerical method
is confirmed to accurately predict the average and the unsteady characteristics of the cavitating flow to some degree.
However, the present numerical method is found to largely underestimate the time averaged lift coefficient of a unsteady
transient cavitating flow, especially in the flow at high angle of attack. And the influences of the inlet void fraction and the
evaporation and condensation coefficients on the numerical analysis of a cavitating flow are investigated. When the inlet

void fraction becomes large from small values, the generated pressure becomes small and the high-frequency pressure
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fluctuation is suppressed firstly and the time averaged characteristics and the cavity behavior change with further increase
in inlet void fraction. And the evaporation coefficient is found not to largely influence the flow field around a hydrofoil
and the time averaged characteristics of the flow field. On the other hand, the condensation coefficient is found to largely
influences the time averaged characteristics and the large condensation coefficient generates the higher pressure when a
cloud cavity collapses.

In the present study, the numerical analysis of bubbles in a cavitating flow is performed using the equations of a bubble
motion and a bubble oscillation. A one-way coupling algorithm from the analysis of a cavitating flow to the analysis of a
bubble is used. In this calculation, the impulsive pressure on a material surface is calculated from the propagating pressure
wave induced by a bubble collapse and rebound. In chapter 4, the intensity of cavitation erosion is defined by the impulsive
pressure and the intensity of cavitation erosion of the two-dimensional cavitating flow around a Clark Y 11.7% hydrofoil
is predicted. In a transient cavitating flow, the predicted intensity of cavitation erosion is high in the vicinity of the sheet
cavity termination. On the other hand, the predicted intensities of cavitation erosion in noncavitating, attached cavitating
and pseudo-super cavitating flows are far weaker than that at the transient cavitating flow. These results corresponds well
to the experimental results and the present numerical prediction method is thought to can capture the systematic erosion
characteristics. And the velocity and bubble radius dependence of cavitation erosion are investigated by the numerical
prediction method and the intensity of cavitaiton erosion is found to become large when the flow velocity and the bubble
radius are large. And it is fount that when the flow velocity becomes large, smaller bubbles have high internal pressures
because of the increase in the rate of pressure increase. It is thought that smaller bubbles cause cavitation erosion when
the main flow velocity is large.

It has been reported that the pressure wave radiating from a rebounding bubble and the microjet generated from a
collapsing bubble near the material surface are the main causes of cavitation erosion. And the bubble behavior and the
erosion pattern are dependent largely on the distance between the position of bubble generation and the wall boundary, and
the second collapse of the bubble has been reported to generate a high impulsive pressure. Therefore, the clarification of
the mechanism of a single nonspherical bubble collapse near a wall boundary is important to understand the fundamental
mechanism of the cavitation erosion. In chapter 5, the nonspherical bubble collapse behavior and the induced impulsive
pressure are analyzed numerically applying a locally homogeneous model of a gas-liquid two-phase medium to the
calculation. From the axisymmetric calculation, it is confirmed that the various phenomena observed in experiment, the
micro jet generation and the propagations of the pressure waves induced by the water hammer pressure when the micro
jet penetrates to the lower bubble wall and radiated from the rebounding bubble during the first collapse, the counter jet
generation during the rebound, and the toroidal bubble collapse attached to the wall boundary during the second collapse,
can be realized by the present numerical method. And the second bubble collapses, especially the toroidal bubble collapse
attached to the wall boundary, are found to be more violent than the first collapses except for large initial standoff distance.
And predicted erosion pattern changes with the initial standoff distance from the wall boundary as follows: Cavitation
erosion is expected to be very weak at large initial standoff distance. Center erosion patten is expected when the stand
off distance becomes small. Circular and center erosion pattern is expected when the stand off distance becomes small
further. In the axisymmetric calculation, high impulsive pressure occurs at every initial standoff distances. However,
these results does not agree qualitatively with the experimental results which indicates that strong damage does not occur
in the central area at a certain initial standoff distance. The pressure in the central area is thought to be largely influenced
by the axisymmetric collapse. Therefore, the collapse behavior of the slightly asymmetric bubble at the initial time is
analyzed to investiga.te the influence of the symmetry breaking of the initial bubble shape on the collapse behavior using
three-dimensional plane-symmetric calculation. And the symmetry breaking of initial bubble shape is found to influence
largely the bubble second collapse, especially the generation of the high impulsive pressure in the central area. And the

ellipsoidal bubble collapse is found to produce the two high pressure points which correspond to the experimental circular
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erosion pattern which is unevenly distributed at two places. The comparison of the nonspherical bubble collapse near the
wall boundary and the spherical bubble collapse far from the wall boundary is performed to get the knowledge to the
application of the calculation results of the nonspherical bubble collapse to the numerical prediction of cavitation erosion
in a cavitating flow. And it is shown that the impulsive pressure becomes high and the impulsive area becomes small (the
high impulsive pressure occurs locally) because of the interaction with the wall boundary when a bubble collapse position
from the wall boundary becomes small.

It is confirmed to predict qualitatively the experimental erosion tendency in terms of the position of the cavitation ero-
sion and the erosion characteristics against cavitation number using the present intensity of cavitation erosion. However,
the prediction using the intensity of cavitation erosion can not predict cavitation erosion quantitatively. In addition to the
prediction of the impulsive pressure due to bubble collapse in a cavitating flow, the relationship between the impulsive
pressure and a material response is necessary to be considered to predict the cavitation erosion quantitatively. In chapter 6,
the quantitative cavitation erosion models proposed previously are applied to the present numerical results and cavitation
erosion is predicted quantitatively. Following three erosion models are used: 1. it is assumed that work hardening occurs
without mass loss when a stress acting on a material is between the yield stress and the ultimate tensile strength of the
material, and that mass loss starts when the cumulative energy of the material reaches the energy corresponding to the
ultimate tensile strength, 2. cavitation erosion is evaluated by a erosion pit produced by the microjet of a collapsing single
bubble near the material surface owing to the shock wave associated with a cloud cavity collapse, 3. cavitation erosion is
evaluated by the linear relationship between a impact energy and a cavitation erosion. Furthermore, the influence of the
nonspherical collapse is considered in chapter 6. The distributions of a erosion rate predicted by the three erosion model
have the peak whose positions are close to that of the intensity of the cavitation erosion and the distributions qualitatively
correspond to the experimental distributions of the impulsive pressure and the roughness increment ona hydrofoil. The
predictions of cavitation erosion of some initial bubble radius are performed and the bubble collapse position is found
to be dependent on the initial bubble radius. And when the bubble nuclei distribution is considered, the distribution
of a erosion rate is found to be different from the distribution of constant initial bubble radius. And the bubbles with
small initial radius are found to become to contribute to the cavitation erosion considering the bubble nuclei distribution
because the number of the bubble with small initial radius is relatively large. Comparing the three erosion model, the
model which uses the experimental relationship between the impulsive pressure and the cavitation erosion, is found to
predict the erosion rate more accurately than the other two models which also simulate the relationship and overestimate

the erosion rate.
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