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ABSTRACT

Cavitation impact at cavitation bubble collapse can be
utilized for surface enhancement in the same way as shot
peening. A peening method using cavitation impact is called
cavitation peening. In the case of cavitation peening, cavitation
bubbles were produced by injecting a high-speed water jet into
water, i.e., a cavitating jet. In order to improve effect of
cavitation peening, enhancement of cavitation aggressivity
around a cavitating jet is required. In the present paper, a low-
speed water jet was injected around a cavitating jet to increase
cavitation aggressivity, as the low-speed water jet eliminate
residual bubbles after cavitation bubble collapse. The residual
bubble causes cushion effect. The cavitation aggressivity was
evaluated by an erosion test using aluminum specimen to
assume that large mass loss revealed large aggressivity. The
injecting condition of the low-speed water jet was optimized by
the erosion test. The arc height which was height of convex
curve of Almen strip was also evaluated, as the arc height was
normally used to evaluate peening intensity of shot peeing. The
convex curve was produced by peening as the peened surface
was stretched due to plastic deformation. The peening effect
was investigated by measurements of residual stress and a plate
bending fatigue test using stainless steel specimen. It was
revealed that a maximum cumulative erosion rate was increased
about 70 % by injecting the low-speed water jet around the
cavitating jet at optimum condition. The increasing rate of the
arc height induced by the cavitating jet with the low-speed
water jet was about five times larger than that of the cavitating
jet without the low-speed water jet. The fatigue strength of
stainless steel specimen was increased 29 % and 17% peened
by the cavitating jet with and without the low-speed water jet
comparing to that of non-peened specimen, respectively.

INTRODUCTION
Cavitation impact at cavitation bubble collapse normally

causes severe damage in hydraulic machinery such as pumps,
screw propellers and valves. However, the impact can be utilized
for the surface modification in the same way of shot peening
such as introduction of compressive residual stress and
improvement of fatigue strength of metallic materials. A peening
method using cavitation impacts is called “cavitation peening”
[1] or “cavitation shotless peening” [2 - 8], as shots of shot
peening are not required. Cavitation peening successfully
introduces compressive residual stress into metallic materials [3,
5,9 - 12] and it can improve fatigue strength [2, 4, 6 - 8, 13 - 15].
Now it is used to eliminate stress corrosion cracking in nuclear
power plants [16]. In the case of cavitation peening, cavitation is
produced by injecting a high-speed water jet into water, i.e., a
cavitating jet. In view point of practical use of cavitation
peening, enhancement of cavitation aggressivity is required to
improve peening effect and to shorten processing time.

Although a change of residual stress of impinged by
cavitation impact using cavitation tunnel was reported [17], the
treatment area was limited. In order to practical use of cavitation
impacts, the cavitating jet was proposed [18, 19]. It is possible to
produce a cavitating jet in air by injecting a high-speed water jet
into a concentric low-speed water jet. Vijey and Brierley made
such a jet for cutting rocks [18, 20]. It was reported that Soyama
successfully realized a cavitating jet in air for cavitation peening
[12]. It was also shown that the cavitating jet in air was more
aggressive comparing to normal cavitating jet, i.e., a cavitating
jet in water [12, 21, 22]. One of the reasons is that the cavitating
jet in air can eliminate residual bubbles after cavitation bubble
collapse. When the residual babbles were recirculated into the
cavitating jet, cavitation impact was reduced by the cushion
effect. Thus, it might be possible to enhance the cavitation
aggressivity by injecting a low-speed water jet without air
bubbles around a cavitating jet in water. Although the cavitating
jet in air is powerful cavitating jet, it is hard to treat complex
shape such as gears. As the water column was broken by the tips



of gear teeth, air was sucked into the cavitating jet and then the
cavitating jet did not work. In some cases of practical use of
cavitation peening, the cavitating jet in water is useful. Thus,
enhancement of cavitation aggressivity of the cavitating jet in
water was investigated by injecting a low-speed water jet around
the cavitating jet. As the injection of a low-speed water jet
around the cavitating jet reduces vorticity around the cavitating
jet, the injection condition of the low-speed water jet should be
optimized.

When the surface of polycrystalline metallic materials was
treated by enhanced cavitation impact, the full width at half
maximum of diffracted X-ray profile was decreased [12]. It was
confirmed by a fundamental approach of X-ray diffraction
method that the micro strain in grains introduced by heat
treatment or mechanical finishing was released [23]. The micro
strain might be a source of fatigue crack. As mentioned above,
the cavitation peening introduces compressive residual stress,
which can reduce fatigue crack propagation. It means that
enhanced cavitation peening can relief a source of crack and it
reduce crack propagation at the same time. In the view point
material science, the enhanced cavitation peening is also
interesting phenomenon.

In the present paper, the effect on cavitation aggressivity of
injecting a low-speed water jet around the cavitating jet in
water was investigated. The cavitation aggressivity was
estimated by an erosion test using aluminum specimen. In
order to make clear mechanism of enhancement of the
cavitation aggressivity, the cavitating jet was observed by a
high-speed video camera. The peening effect of the cavitating
jet with and without a low-speed water jet was also examined
by measurements of residual stress and a plate bending fatigue
test using stainless steel specimens.

EXPERIMENTAL SET UP

Figure 1 illustrates schematic diagram of a cavitating jet
apparatus for cavitation peening. A low-speed water jet was
injected into a water-filled chamber, i.e., tank A, using a turbine
pump in tank B. Injection pressure of the low-speed water jet p;
was controlled a rotating speed of an inverter motor of the
turbine pump. A high-speed water jet was pressurized by a
plunger pump and injected into the low-speed water jet using a
concentric nozzle. Injection pressure of the high-speed water jet
pu was controlled by a rotating speed of an inverter motor of
the plunger pump. In the present paper, py was kept at constant
at 30 MPa. As the aggressivity of the cavitating jet was
changing with p;, p; was chosen as 0.03 MPa considering the
result of our previous report [24]. The flow rate for the high-
speed and the low-speed water jet was 7.4 x 10 m*/min and
4.9 x 10" m’/min, respectively. The jet power defined by
injection pressure and flow rate for the high-speed and the low-
speed water jet was 3,700 J and 245 J, respectively.

Figure 2 shows the geometry of nozzles for the high-speed
water jet and the low-speed water jet. The diameter dy for the
high-speed water jet was 1 mm. The nozzle for the low-speed
water jet was a pipe whose diameter d; was 50 mm. The clear
Lucite pipe was used for an observation of the cavitating jet
and stainless steel pipe was used for an erosion test and
treatment of stainless steel specimen. The standoff distances sy
and s; for the high-speed water jet and the low-speed water jet
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Figure 1: Cavitating jet apparatus for cavitation peening
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Figure 2: Geometry of nozzle for cavitating jet
with low-speed water jet

were defined by the distance from the nozzles to specimen, as
shown in Fig. 2. Regarding to our previous paper [24], the
ability of the cavitating jet with an associated low-speed water
jet was changing with the distance between sy and sy, i.e., Sy — Sz,
s;, an erosion test was carried out changing with the nozzles
distance sy — s; and standoff distance sy.

In order to investigate aggressivity of the cavitating jet, an
erosion test was carried out. In the present paper, it was
assumed that the large mass loss Am means the large
aggressivity. Material of specimens for the erosion test was
pure aluminum (Japan Industrial Standards JIS A1050P). In
order to find out the optimum cavitating condition, an exposure
time to the cavitating jet was kept constant at 10 minutes,
changing with the standoff distance or the nozzle distance.

The aspect of the cavitating jet was observed by using a
high-speed video camera, whose maximum sampling rate was
100,000 frames per second. A metal halide lamp was used for
the high-speed imaging. In the present experiment, recording
conditions were as follows. The sampling rate was 20,000
frames per second and the shutter speed was 5 ps. 1,500
frames, i.e, 74.95 ms, were recorded at each conditions. The
images were analyzed using Fourier transformation of intensity
at x = 60 mm changing with time to investigate shedding
frequency of cavitation cloud of the cavitating jet.

When the thin plate was peened, the convex curve was
produced as the peened surface was stretched by the plastic
deformation. The arc height of the convex curve of Almen strip,
which was a thin plate made of spring material, was used as a



parameter of peening intensity for shot peening. In the present
experiment, N-gauge of Almen strip was used. The residual
stress of stainless steel JIS SUS 316L was also measured by sin’
w method, which was one of X-ray diffraction methods. The size
of specimen was 95 mm X 35 mm with 3 mm in thickness. The
cavitating jet scanned with longitudinal direction and the residual
stress was measured in longitudinal direction changing with the
processing time per unit length #,. The X-ray tube was operated
with a CrKo X-ray beam at 30 kV and 8 mA. In the present
paper, the diffractive plane was the (311) plane of y-Fe, and the
diffractive angle without strain, 26, was 148.5 degrees.
Diffractive angle measurements from 143 to 153 deg in 0.2 deg
steps were made. The iso-inclination method was used for the
measurement, and X-rays were counted for 4 s for each step
using a scintillation counter. The angles between the normal to
the surface and the normal to the lattice plane, y, were 0, 22.8,
33.2, 42.1 and 50.7 deg, respectively, and the value of y was
constant between the measurements at each angle y. Under the
present conditions, the stress factor was —369.5 MPa/degrees.

RESULTS

Figure 3 illustrates the mass loss 4m as a function of
standoff distance sy for the cavitating jet with the low-speed
water jet, the cavitating jet with pipe of the low-speed water jet
without injection of the jet and the cavitating jet without pipe
without the injection of the jet. In the case of the cavitating jet
with the low-speed water jet, the three cases changing with the
nozzle distance, i.e., sy — s, = 20, 30 and 40 mm were shown in
Fig. 3. The nozzle distance for the the cavitating jet with pipe
was set at 30 mm, as the mass loss of the cavitating jet with the
low-speed water jet at s — s; = 30 shows the maximum in Fig.
3. For all cavitating jet with the low-speed water jet and the
cavitating jet with and without pipe, the mass loss was
increased with the standoff distance sy, and it had a maximum
at sy = 60 or 65 mm, and then decreased. The standoff distance
where the mass loss had a maximum was called an optimum
standoff distance. The mass loss of the cavitating jet with the
low-speed water jet was larger than those of the cavitating jet
with and without pipe. The mass loss of the cavitating jet with
the low-speed water jet at sy — s, = 30 was larger than the other
cases, i.e., sy — s, = 20 and 40 mm. The cavitating jet of sy — 57
= 30 at the optimum standoff distance was about 10 times
larger than that of the cavitating jet without pipe. It was also 4
times larger than that of the cavitating jet with pipe without
injection. The injection of the low-speed water jet around the
cavitating jet increases aggressivity of the cavitating jet. It was
also note that the mass loss was increased by about two times
by setting the pipe.

In order to compare the aggressivity of the cavitating jet, the
cumulative erosion rate should be considered, as the cavitation
erosion stages was divided into four stages, i.e., incubation stage,
acceleration stage, steady state stage and attenuation stage.
Figure 4 shows the mass loss changing with the exposure time to
the cavitating jet for the cavitating jet without pipe and the
cavitating jet with the low-speed water jet. The standoff distance
sy was 60 mm of the cavitating jet without pipe. The conditions
of the cavitating jet with the low-speed water jet were follows; sy
was 60 mm and sz — s; was 30 mm. Both cavitating jets show

500

400

300

Mass loss 4m mg
N
8

50 60 70 80 90 100 110 120
Standoff distance sy mm

Figure 3: Mass loss changing with standoff distance for cavitating
jet with and without low-speed water jet
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Figure 4: Mass loss changing with erosion time for cavitating
jet with and without low-speed water jet

incubation stage, acceleration stage, steady state stage and
attenuation stage changing with the erosion time. The
maximum cumulative erosion rate of the cavitating jet without
pipe was 0.37 mg/s and that of the cavitating jet with the low-
speed water jet was 0.63 mg/s. This means that the aggressivity
of the cavitating jet with the low-speed water jet was about
70 % larger than that of the cavitating jet without pipe. In Fig.
3, the difference of the aggressivity of the cavitating jet with
and without the low-sped water jet was about ten times, as the
erosion time was 10 minutes and the erosion stage of the
cavitating jet without pipe was incubation stage. In any case,
the low-speed water jet around the cavitating jet enhanced the
aggressivity of the cavitating jet. The low-speed water jet
around the cavitating jet eliminates recirculating bubbles after
cavitation bubble collapses and it reduces cushion effect. As the
pressure on the surface of the erosion specimen was increased
by impinging of the low-speed water jet, the cavitation cloud
collapses severely because of high-surrounding pressure. These
are the reasons why the injection of the low-speed water jet
increases aggressivity of the cavitating jet.

Figure 5 reveals the aspect of the cavitating jet without



(a) Without pipe without low-speed water jet

Figure 5: Aspect of cavitating jet changing with time
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(b) With pipe without low-speed water jet

Figure 5: Aspect of cavitating jet changing with time (continued)
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(c) With pipe with low-speed water jet

Figure 5: Aspect of cavitating jet changing with time (continued)
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Figure 6: Gray scale of images changing with time
corresponding to cloud shedding (x = 60 mm)

pipe, the cavitating jet with pipe without injection and the
cavitating jet with the low-speed water jet, in order to
investigate why the low-speed water jet enhanced the
aggressivity of the cavitating jet. The nozzle for injecting the
high-speed water jet was shown left hand side in Fig. 5. The
direction of flow was left to right. The clear Lucite pipe was
used for injecting the low-speed water jet. The white region
reveals the cavitation cloud consist of small bubbles. The
cavitation clouds were shedding periodically as shown in the
previous report [25]. As shown in Fig. 5 (a), the cavitating
region was developed and then broken around x = 40 mm, at ¢ =
10.6, 11.8, 12.8, 13.8, 14.8, 15.8, 17, 17.8, 19, 20.2 and 21.4.
The breaks were occurred at about 1 ms interval, i.e., 1 kHz. In
the case of the cavitating jet with pipe, the breaks were
occurred around x = 50 mm, at ¢ = 11.6, 13.0, 14.2, 16.0, 17.6,
18.8 and 19.8. Although the frequency of the breaks was about
1 kHz, the sub-harmonic frequency was also observed. The
width of the cloud cavitation became large at t = 11.2 — 11.6
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Figure 7: Shedding frequency obtained by image analysis
(x =60 mm)

ms. In the case of the cavitating jet with the low-speed water
jet, the cavitating region was broken around x = 60 at ¢ = 11,
12.4, 13.6, 14.4, 15.6, 16.2, 17.8, 19.0 and 20.6. Although the
frequency of the breaks was similar as the cavitating jet with
and without pipe, the huge cavitation cloud was observed at ¢ =
15 ms. The basic frequency of the breaks, i.e., the shedding
frequency of the cavitation cloud was similar for all three cases.
In the case of the cavitating jet with pipe even though without
injection, the huge cavitation cloud was generated some times.
The huge cavitation cloud might produce the huge impact at
bubble collapse.

In order to investigate the shedding frequency of the
cavitation cloud, the gray values of each image as a function of
time was shown in Fig. 6 and the results of Fourier
transformation of them were illustrated in Fig. 7 for all three
cavitating jet. The gray values of position at (x, y) = (60 mm, 0
mm) and (60 mm, 6 mm) were picked up and analyzed, as the
optimum standoff distance was about 60 mm. The reason why
the gray scale of the images at y = 6 mm was chosen is that the
gray scale of the images at y = 6 mm would be changed, when
the huge cavitation cloud was developed. The basic frequency
of cavitation cloud shedding was about 1 kHz, as shown in Fig.
7 (a). When the huge cavitation cloud was developed, the gray
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Figure 8: Arc height induced by cavitating jet

value in Fig. 6 (b) was increased. For example, the gray scale
of the cavitating jet with pipe at # = 11 ms and the cavitating jet
with the low-speed water jet at # = 15 ms was increased. The
generation interval of the huge cavitation cloud was 10 ms and
their frequency was about 100 Hz. As shown in Fig. 7 (b), the
intensity at several hundreds Hz was increased at (x, y) = (60
mm, 6 mm) for the cavitating jet with pipe and the cavitating
jet with the low-speed water jet. This means that these two
cavitating jet can produce the huge cavitation cloud and it
might cause huge impact. This would be one of the reasons
why the aggressivity of the cavitating jet with the pipe and the
cavitating jet with the low-speed water jet was larger than that
of the cavitating jet without pipe. Considering the effect of
residual stress mentioned above, the aggressivity of the
cavitating jet with pipe without injection was enhanced by the
size of the cavitation cloud. On the other hand, in the case of a
cavitating jet with the low-speed water jet, the size of cavitation
cloud and elimination of residual bubble are increased the
cavitation aggressivity.

In order to investigate peening effect of injection of the
low-speed water jet around the cavitating jet, the arc height of
Almen strip was shown in Fig. 8. In the case of the arc height,
the larger arc height means better peening effect. Both
cavitating jets with and without the low-speed water jet reveal
peening effect, as the arc height increased with the processing
time par unit length. In the case of the cavitating jet with the
low-speed water jet, the arc height increased with the
processing time linearly at £, < 4 s/mm and then it would be
saturated. On the other hand, in the case of the cavitating jet
without pipe, the arc height increases the processing time at ¢, <
10 s/mm. The increasing rate of the arc height within the
linearly region of the cavitating jet with the low-speed water jet
was 23 um/s and that of the cavitating jet without pipe was the
4.2 nm/s. Namely, in the view point of peening intensity using
increasing rate of the arc height, the peening intensity of the
cavitating jet with the low-speed water jet was 5 times larger
than that of the cavitating jet without pipe. In view point of
saturated arc height, the peening intensity of the cavitating jet
with the low-speed water jet would be about two times larger
than that of the cavitating jet without pipe.

Figure 9 illustrates the residual stress changing with the
processing time per unit length, as the cavitating jet was using
in the nuclear power plants to eliminate stress corrosion
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Figure 9: Introduction of compressive residual stress
induced by cavitating jet
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Figure 10: Distribution of residual stress changing with depth

cracking SCC by introducing compressive residual stress [16].
Both cavitating jets introduced compressive residual stress on
the surface of the stainless steel. The compressive residual
stress was increased and then saturated in the both cases. The
saturated compressive residual stress of the cavitating jet with
the low-speed water jet was 400 MPa and that of the cavitating
jet without pipe was 300 MPa. In the short processing time, the
cavitating jet with the low-speed water jet introduces -200 MPa
within #, < 0.5 s/mm. It takes about 7, = 2 s/mm for the
cavitating jet without pipe. These mean that the cavitating jet
with the low-speed water jet was more effective to introduce
compressive residual stress.

Figure 10 illustrates the distribution of the residual stress
inthe stainless steel at £, = 10 s/mm for both cavitating jets.
Although both cavitating jets introduce compressive residual
stress, the compressive residual stress introduced by the
cavitating jet with the low-speed water jet was about more
100MPa larger at same depth than that of the cavitating jet
without pipe. The cavitating jet with the low-speed water jet
can introduce compressive residual stress deeper than the
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by the cavitating jet

cavitating jet without pipe.

Figure 11 reveals the results of a plate bending fatigue test
using stainless steel specimen. In the case of peened specimen,
the processing time per unit length was 10 s/mm. The number
of the cycles to failure at high amplitude was improved by
peening using both cavitating jet. The fatigue strength was also
improved by the cavitating jet. When the fatigue strength at 10’
was obtained by using Little’s method [26], the fatigue strength
of not peened specimen was 279 MPa, that of the specimen
peened by the cavitating jet with the low-speed water jet was 360
MPa, and that of the specimen peened by the cavitating jet without
pipe was 327 MPa. The cavitating jet without pipe improved
fatigue strength of stainless steel about 17 % and the cavitating jet
with the low-speed water jet improved about 29 %. Although both
peening by both cavitating jets improved the fatigue strength, the
cavitating jet with the low-speed water jet was more effective.
Namely, the fatigue strength peened by aggressive cavitating jet
reveals better fatigue strength.

CONCLUSIONS

In order to enhance the aggressivity of the cavitating jet,
the low-speed water jet was injected around the cavitating jet to
increase peening effect. The aggressivity was evaluated by the
erosion test using aluminum specimen. The mechanism of
enhancement of the aggressivity of the cavitating jet was
investigated by the observation of the cavitating jet using the
high-speed video camera and image analysis. The peening
effects were confirmed by measurements of the arc height of

Almen strip and the residuals stress of the stainless steel. The

fatigue strength of the stainless steel was also evaluated. The

main results are summarized as follows:

(1) The injecting of the low-speed water jet around the
cavitating jet enhances the aggressivity of the cavitating jet
at the following condition; the injection pressure of the
high-speed water jet was 30 MPa, the nozzle for the high-
speed water jet was 1 mm in diameter; the injection
pressure of the low-speed water jet was 0.03 MPa and the
nozzle for the low-speed water jet was 50 mm in diameter,
the distance between the nozzles was 30 mm.

(2) The cumulative erosion rate using aluminum specimen of
the cavitating jet with the low-speed water jet at optimum
condition was 70% larger than that of the cavitating jet
without pipe for the low-speed water jet. The low-speed
water jet might reduce cushion effect induced by the
residual bubbles after cavitation bubble collapses.

(3) In the case of the cavitating jet with the low-speed water jet
at optimum condition and the cavitating jet with pipe
without injection, the huge cavitation clouds was developed
at several hundreds Hz in frequency. The huge cavitation
cloud might produce large impact at bubble collapse.

(4) The aggressive cavitating jet with the low-speed water jet at
optimum condition produces large arc height of Almen strip
and introduces more compression into stainless steel.

(5) The cavitating jet without pipe for the low-speed water jet
improved fatigue strength of stainless steel specimen about
17 % comparing to the non-peened specimen. The
cavitating jet with the low-speed water jet at optimum
condition improved 29 %. Namely, the aggressive cavitating
jet produces better peening effect.
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