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Note: Impact detection rod and reflection rod also act as electric lines.

Fig. 2.1: Typical structure of a ‘vertical-type’ sensor
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(a) (b) () (d)
(a) An impulsive force hits the sensor on the head.

(b) The impulsive force goes down as (nearly) plane compression (stress) wave through the
detection rod.

(c) This compression wave goes through the piezo-electric material and makes the material to
produce transient voltage. A small part of the wave reflects on the interface of the rod and
the piezo-electric material, depending on the acoustic reflection rate of these materials.

(d) The wave reflects at the bottom of the reflection rod and goes up as swelling (strain) wave.

Fig. 2.2: Mechanism of a ‘vertical-type’ sensor
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(b) Piezo-electric material which surface is covered with some electro-conductive material or
paint for electrode.

(c) Covering material or paint for electric insulation.

Fig. 2.3: Typical structure of a ‘flat-type’ sensor



030 Uooooouod

ooooo20000000000000000DODODODOOOODDODODOODOOO3O0ODODODO
gobooobooobbobbooboooboobooooboooboobobobobboobobg
ggoboboobbobobbobbuoouoooobuoobobbooouooooboboboboan
0000000000000 O0DooOoOO [94-96,109]0

gogbooooboboboooobbbooobooooooooobobboooboboobDbon
ggbooboboagn

ggbodgbooboooobbobbobobuooboboooboouououobobboboboooon
0000000000000 0000000O0 200PVDF (ODO0)ODOODOOO 10000O0DODO
ggdbodobobooboobooobobbdboooobobobobboooooooaan
gbooogooo

3.1 00000000 OOODO (oo A)

000 (91,1150 0000000000000 0O000DOO0O00O0OUO0O0ODODOOOOOOOO
0000000000000000000000000000000000000 O LEGI/IMGO
000000000 CAVERMODOOOOOOOOOODODOOOO [1goooooooooooo
00000000 0O000O0O00OgobOgoobO AODOoO

Fig. 3.10 0000000000000 00O00000DOOOOU0DOOOD(DODODOODOOO0)O
ggoboobobobboobobbobuoobobbbobbboobuoooooobooobboabo
goooopoobbooboobboood smmdo0O0O

vguodboubboooboboobbooooobooboooboboboooboooogon
gobooobogbbgbboobobooobbobobobboboooboobobooooabodyd
gooooobobooogo

3.2 00U00O0O0OUOUOO0OOO (oo B)

000000000 4748000000000 0O0OO0O00OO00OO0ODO0OODODOODOOODOD
000000000000 00 94,96 0000000000000 00O0ODOOOOOODOOODOOO
gooboboobooo BOOOO

000000000 00000000O0000OODOO00OO0OOOoDoOOooOOOn (95,1090
gboboooooobooboooooboooogBoooobobobooobbooboooboooooo
gooboogooooboobboboooooobooobo BOoobboobooooobooboobooboobobo
gogg

3.2.1 OO0 BOOO

Fig. 320 00000000000 00O0



gobogobboobbooboobooooboobooooobooobbobobbooobon
ugboguboouooobuooooobobbobobuooooobboboboboboooooboanbon
goooboboboboobooobooboboboboooboooooooobooooobooooDoobag
gbogbodouogoobooboooooobobobobbooobbooooobbobbobdld 1mm
gogno

goboboooobooooogoooobobobooboooobooon

lL.0b0oo0booboobbooooooogon
2.000000000D0O0DbLODOODOOODODDODbODOO
.00000000
4.0000000000b0bobob0oo0oboooboboOog

goooooogooboooo
googbooooobooboboboobobbooboooobobbooogobboooooboon

ggbouoboboobooboboboad
gogooboobbboooboooobobobbboboooooobobobobbobboDbo

dgbdoogboobooboouoboooooooooobo

lL.oboooooooboobobobooobboobboboboobbboooooboobobobboo

2.000b00000o0O0obObOobO0ooboboobbObObO0o0ooooobob0boooUbobDooon
gboboobboooobobooobooobbooDon

. 0bgbooooooooooobobooobbboobobobobbbb0oobooboon
gbodgbooboobbouobuobooobobobobobobbod

3.22 000 BOOOOOODO

goooogooboboobboobobboooboboobooooboooobooobbooobooon
gogooboobouobbobbouoouuoobobobboobbboobooboooboobon
0000000000000 (oo B)DoUOoOoOoOoOoO

000 BODOOO Fig. 3300 000000bb0obobooboooooooobooooooogoo
Ilmm 0000000000000 O00O0O0000000000000b000boobo0boana
gooooobooon

1.0000000000000D0 (0)0D0D000O0O00D00OO0OOU0D0DDODOO0O0DODOOOoOO
godoobooboooobooboobooo

2.00000000000O0O0OooDbDOO0bOOoOoDObOOOO0DOooOOoOobOOoObDbOODbOoODO
goooooon

.O000o0bOo0obooobooboobooobboooooobooon

0000000000000 D000000000O0DO0O0OOoOoOooOn “NPM” N-21 (TOKIN)
oooogoboobbooooboood 3mmb0O0 02nm 0000000000000 DODO0O0O0O
obooooobonbD 1oMHzOOOO

3.3 PVDFOODO (OO0 C)

PVDF (Polyvinylidene fluoride D0 00000 O0000) 0000000000 0O0ODOODO [53,113]0
ugbooaobgod



goooobooboobod 24a0110pem OO OO

gogoobooobooooooad

ggoogooobooobboogbobobooboo

ggbboobodoboooooboobuooboobo

o 10U

ggbodggogbbuogbooobbobbuoodooobouooobooo1oobon

ggoboobobuooboobooobobboboooboobobobbooboobbooobon
gboooooognd

00000 OLichtarowiczOD OO0 [73,91) 000000000 PYDFOOODOOOOODODOOO
oooooooooooboobbooooboboboobboOooooooboobobboooooooDOoco
goo

3.3.1 JoOocCcopoooood

Fig. 340000 cOoOOOODODO

PVDFOOOO AMPOOOOO'000DO0OOOO0 (0000)0000000D0O0O000OO0
gooboooooboooooobooobbo 1m0 bO0bO0OO0bOO0O0ODO
gobboooooooooobobobbbobobbd Smmx3mmUO0O0OO0OOO0O00O000OO0OO
goboogoogooogbogoo
goboobboboooooobooobooooobobooooooobooooooooboboon
goooaoogaon

l.000000000C00ooooo0oooo0o (PVDFOODOOODOOO)0DOOODOOOO

2.00000000000000O0O0O0CO0OO0 (DOODLOUODOO (O)DOoUOooOoOoO obooo (o
000000))000000000000000O0O00000D0OD0D000 (o000 DODODOOO
00000)000o00000o0oO0o00O00oO0o00o0DLOoUoOoDOoOOo0OOoDOoDOobDOoDO
gbbodbooboobboobbbooboooooboobooo

3.PVDFOO00OO0OO0DOOO00O0O0O0DOO0ODOUOOO (O0)DDOODOU0ODOOOO0OOOPVDE
goooboobbooboooobbooooboooboobboooob pvDFOOODODOOOO
gbbogboobbobooobbobobobobbooobbboogd

4. 00000000000boboOobD0ooobDDobDbOOoobObbobDbOobbboUbODbDbObOO
gobooooboooooobooboboboobog

5. 000000000000000 (3MOO KaptonO OO Nob413) 0 OO OOO0O0DOOOOO
gooooboooooboobobbobbobboobbobbobboobooon

6. 00000ooooboobooboooooooobo0ooooooooboooboooboboon
gbobbooboboobuodaoobogn

obooboboooboooooboopvbFOODODODODODDODODOOOODODDOOOODOOOO
ooboooboobooooo pVDFOOOOODODODOOODOOODOOOOOOODOOO
gboooobgoooobobooobooobbooooooo Moo wooooobbbooo
U pPVDFOOUOOOOOOOO0OOOO0O0OO0DLOOOO0OO0D—0OOO0OO0O00OOO0LOD—C000000o0000

TAMPOD 199800 000000000000 00O Measurement Specialties Inc. 1000 0000000000000
OO0 OPVDF 00O Measurement Specialties Inc. 000000000



Detection rod
(SUS304)

Q | —Acrylic resin tube
LO Piezo ceramics
N 033
S | ///
*/ | |
‘ | Resin (Araldite)
=
Lo Reflection rod
—
// (SUS304)
® ©
Electric lead

Fig. 3.1: Impulsive force sensor A: basic type
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Fig. 4.1: Overview of stell ball drop test
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Fig. 4.2: Examples of output of sensor A at ball-drop calibration
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Fig. 4.2: (continued)
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Fig. 4.2: (continued)
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Fig. 4.2: (continued)
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Fig. 4.3: Examples of output of sensor B at ball-drop calibration
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Fig. 4.3: (continued)
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Fig. 4.4: Examples of output of sensor C at ball-drop calibration
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Fig. 4.4: (continued)
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Fig. 4.4: (continued)
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Fig. 4.4: (continued)
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Fig. 5.3: Photograph of the KT foil with sensor A and B
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Fig. 5.4: Photograph of the KT foil with sensor C
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Fig. 6.1: Cavity appearance, KT section, 8°, 12m/sec., op = 1.84

Fig. 6.2: Cavity appearance, KT section, 8°, 12m/sec., op = 1.51




Fig. 6.3: Cavity appearance, KT section, 8°, 12m/sec., op = 1.25
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In experiment: Sensor C

© o0 o0 ©
o N o ©

©c o ©
w b~ O
T
I

Sensor Output [V]

o o
=N
T
i

o

600 800 1000 1200 1400 1600
Time [usec.]

o
=

o
®)
o
o
N
o
o

In experiment: Sensor C

© o0 o0 ©
o N o ©

©c o o
w ~ O
T
I

Sensor Output [V]

o o
PN

o

2000 250 300 350 400 450 500 550 600
Time [usec.]

(same data as above with narrow range)

o
=

Fig. 6.6: (No.2)



In experiment: Sensor C

0-5 T T T T T T T
> ; ; ; ;
= f | | |
S 0.2+ S e e
o)
g 0.1r e R S S
n 3 3 3 3

01 a a a ; ; ; ;

0 2000 400 600 800 1000 1200 1400 1600
Time [usec.]

In experiment: Sensor C

0.5 T T T T T T

04 §
% 03 ]
>
a
S 02t .
o)
wn
[
c i
(0))]

0.1 i i i i i i i

2000 250 300 350 400 450 500 550 600
Time [usec.]

(same data as above with narrow range)

Fig. 6.6: (No.3)



8deg., 8m/s., 0g=1.25, 70% chord, Different Sensors

1 —— Coe e
I 3 Sensor A —e—
| Ny SensorB —a— |
01 Lo - SensorC e |
N'_| i by
E r : W
g oo+ .
(_) L
Q
= o
(@] L
O,
le-05 L : : : .
10 100
F [N]

Fig. 6.7: Cumulative events of impulsive forces measured with three different sensors: 8°, 8 m/sec.,
o = 1.25

8deg., 8m/s., 0g=1.25, 70% chord, Pressure-based arrangement

- s Sensor A —e—
SensorB —a— |
__SensorC —e&— |
G‘ —
Q ]
(2]
e
c
=)
o —
©, ]
0.0001 : . . e
1 10 100

P [MPa]

Fig. 6.8: Cumulative events of impulsive pressures measured with three different sensors: 8°,
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In experiments: Sensor C
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Fig. 10.1: NACA 0015 profile and sensor positions



Polyimide tape
for water insulation

Top view

Side view

Fig. 10.2: Photograph of NACA 0015 hydrofoil with sensors



polyimide tape for
water insulation

PVDF film

110um in thick

foil surface epoxy regin .

electric
lead

/
brass block (10mm cube)

Fig. 10.3: Impulsive force sensor for NACA 0015 hydrofoil: Sensor 1, 3 and 4



Sensor Output [V]

Sensor Output [V]
N w EaN (6 (@) ~ (0]

N W~ OO0 N

Sensor No.1

Fig. 10.5:

Impulsive Force [N]

Result of ball-drop calibration: Sensor 2

small ball, 30mm - | |
- medium ball, 30mm o .
medium ball, 80mm .
L large ball, 30mm o 4
large ball, 80mm | T
_ 0.0511506*x - S NN W —
N
. ; ; ;
3@5“ | ‘ | | |
- F ] ] ] ] ]
0 20 40 60 80 100 120
Impulsive Force [N]
Fig. 10.4: Result of ball-drop calibration: Sensor 1
Sensor No.2
medium ball, 30mm © |
- medium ball, 80mm . .
large ball, 30mm o |
- large ball, 80mm _
L [T ,,l,.,, - o2 o ]
E% % 00,0 4
0 20 40 60 80 100 120



Sensor Output [V]

Sensor Output [V]
N w EaN (6 (@) ~ (0]

N W~ OO0 N

Sensor No.3

Impulsive Force [N]

Fig. 10.7: Result of ball-drop calibration: Sensor 4

small ball, 30mm  + ‘ |
- medium ball, 30mm 9 T
medium ball, 80mm . | | o
- large ball, 30mm o . | oo il
large ball, 80mm « e
L Q.0614352’fx fffffffff — T e
i H ! ///ézz : : ]
L /@// _
0 20 40 60 80 100 120
Impulsive Force [N]
Fig. 10.6: Result of ball-drop calibration: Sensor 3
Sensor No.4
small ball, 30mm ‘ .
- medium ball, 30mm o G .
medium ball, 80mm = S b
- large ball, 30mm o e _
large ball, 80mm . : P :
L Q.0691794’fx fffffffff E  ————
5 o%
.
Lo ,,/,‘,/gf [ S _
S | | | | |
0 20 40 60 80 100 120



Observation
Window
(acrylic resin)

camera

foil (brass)

\

L.E.
flow
sSensors
| 3 1 60%C

L
T

4 |2 80%C
|
|

i— —0- 1

High-speed Video
Controller / Image
Memory Box

!
o

PC =

sensor
T.E. output
35mm
y
< Transient
Converter
PC ——

Fig. 10.8: Sensor embedded positions and experimental facilities




0110 O0oououod

11,1 0ODO00O0O0booObOooooooo

ooo0ob0o0odoboobbO0oddrig. 111000 Fig. 116000 0000000DOD0ODOODOO
0000000000000 00O00000000 Fig. 11.1(a) 00000000000 OODOOOO
gbobobubouoobooogoooooboboouooooobooboooboboboboboon
gobobboobbooooooooobooobooboooooooooooooobooboon
gbogbbdgbobbodoooobooobboooooobobboobbobobobooobooboooon
g00ooO00OoooU0O0oOoOoOOoOOO0OOO0OO0OOOO0O0O000OOOOO0OOO0ODOOO (DOD
o00)ooOoooOoOooOoOOo0OOO0O0OOO0ODOO0ODOO0OO0O0O0O0Fe 11.(b)DODOOOOOOOO
0000000000000 (0oo0o0)oboboooooUoUooooOOobOoOOoooooooOooOo
gbooaon

oo bodooooobooDbUobD Fig. 1120Fig. 113000000000 0O00O0O0DDODOO
oboooobobobooobooboooooooooooobobuoobobbonrig 11,70 000O00ODO
0000 C(Fig.C.)0OoOoOoOooOoOo0oO0oooooUoUoooooOoooooUoooooooooo
oboo0od0OFig 600000 ooobLDobb oo
vbogooobooboooabobooboboboboboouooboooboouoboooooboboo
000000000000 0000000 (0000000 0) 000000000 O0DDO0O000O
goboooboobooobboboobbobooboboobobbbon

000000000 Fig. C1 (No2)DOODOOOODOODOOODOOODOODOOODOOOODOODOO
googoooobonoooonDon

11.2 JO0O00O0oOooooood

Fig. 11.10Fig. 1120 ONACA 00150 00000000000 OCO0O0OODOOO0OODOOO0OOO
uoboboooooboboboobobooboboooboboobooboboboobobooobouan
O0000000000000000 450000000256 x25600000000Fig. 11.1(a)00
goooobobooboobooobooboooooboooobbobooobobooobobooboobd
oboobooboooooooooobobooobooooboboobobbo0bbO0F g 11.200 100
0ooobooobobobobo0o0oooobonboD 22msec. 0000

0000000000000 0000000000D0O000O0000U0D 40%0000000000
ocoooooooboooooobOobO “cobobobooo’bobbooobOobboOobboooobOoo
o0 230000000000000000000000D00O000 19.6msec.d0000 2.3msecO
oboobooboooobobbboobboUObDBernoulliDDOODOooooobooooboooobbOoD
000U, xy/1+0op000000000000000000O0D00O00OODOOOOOOOOOO
OOO0D0O0 Strovhal OO DOOODOODO



g — _ J Loav
Uso X V1405 (11.1)
= 60mm = (8m/sec. X V1 + 1.5 x 19.6 msec.) = 0.24

0000000000000 Oo0oOooooODOO [92oooooooo
goooooboooboboooboobobboobOoobobOoobbobbboboooOooobooob 26
goobgoobobbobbobooodoobooobb—o00oooobboooooooo 1obooobd
Uoobooob0o—40000o00boboodn 164msec. 00000 23msec. UO0OO0O0O00O0OO
60%0 00 00000000050 7M%0 000000000000
00 Fig. 112000 00000000000 000D OO0DODDOD0O0O0ODOODbODOODOOOODbO D
gojooboboooboobobooboboob200b00b0000oooboobobooooobbo
goobooogoboobboooboobobobbboooooboobooobobobboboboobd
000 NACAo0lbOOODOOOOOOODODOODODOODODOODODOODOOODDOOUODOODOO
gbobooobbboobooboboouboboboobbooboobbooouogbobooboobobonn
gobobbooboboboboboobobobooobooooooooooon
gbodboobobooboobobobooobooogg Fige 1300 0oobooooboboboog
0900000000256 x12800000000Fig. 11300 10000000000000000OO
gooooobobDD Idmsec. 0O OO
goboboobobooooboooboboooooooobooooooooooooooon
0000000000 (13)0(14) 0000000000000 00o0o0o0o0oUooooooooo
gooooogobbobboooboooooboboogobFig 40D 4
gboboooooooobobobobbobonbon

11.3 000000000000 000oooooog

Fig. 11.70 0000 30000000000 00000O0OOO00O00O00OOODLDOODOOOO
oooboobodd Fig. 11800000000000000DOO0O00O0O0O0OO0OO 405000000
oboodboboooboobbobobbobb edaxe400b000ODOOODODOOO Fig. 115
oooboboooob 111000000 gddrig. 11.7y00000ooo0ooobOoobbonoo
guggbodobbobooboogbooobbobobobbobboooooouooooooobooobooboan
00 (0000000000000 Oooooo0oOoO0o0oo0oooooooOooDoOOoUOoOOO
vgbogogbobogoboboboboouooobooooooboobod

OO0 Fig. 11.700 3000000000000 0DO0OO0O0O COOFig. 1170000000ODOO
oboogooosoibooobooooooooobobbooobo boooo

gbobooguboouooooooooobooooboon

lL.obgbboogbubbobbooooboobobobobboooooooboobobobooon
gboogbobouoooooo

2.000000b0b000obbobboooooooboobboooooobobooboobobba
gbooobobboobobbbouobounoooonod

. 0b0gbbobooogboboooooooobobobooboobbooobooooobooOoobooDo
00000000000 0000000o0oooOooooooooooog (70,970

4.000000040500000000000000000000 247usec.00O0OO0OOOOODOO
gooboodgospsec. DOODLDOOODOOOODOODODOOOOOOOOOOOOOOOOOnOOn
0000000000000 00000000000D000O0O00O (4x640000)000



gobooboobgooboooooooboobooboboboboooboobooboon
googoo
s.ubdooobboboooboboboooooboobobobobbooobobobooooo
ggbboooobuodoabobobobbbobboooobooboboobooboouoboagn
000000000000 0O0OC000O000O00O0O0O0O0OO0O (70000 Fig13(a)O OO
gooboobboooboobobooobobboooobooon

gobbodoooboboooboboooboooooobooboobobobbooobooooon

O0000oooo [12,31,41,50,81] 0000 00000OOOCOO00OOOOOOOOODOODOOOO
vgboouobuooooboooboobooooooboobobooooboboboooooboubbboo
gbboooogobooboboobobbbobooooobobooobooboobbobogo
goouboooboboooboobobbobobooboooobboobobobooboboooad
gogbobooboobooboooboboooooboon

11.3.1 OO00O0OO0OO0OOOO0ODOOObOObOOoOobObObOOn

goboobooobooobooobooooboobooobbooooobboobobbobbbooboobn
goooooobbbooboobboooooooooboboobobbooboooboboO0bOobOFig. 1110
goooobobooooooobbbboobbbD 10000 11s200000000000
ooogpoobboboobobobobboboo0ooboobbo0og 94.5pusec.000O0

gboooooOb0oooobbooobboobOFie 1111000000000 DO0OO0ODOOO
goon

oo oouboooouoobooooboobobboobobbooouobobooobooo
gguoodobgoooobooobobbouodobbdobuoooooboboobooooooboboboon
gboooouoooooboboboboboobbbooboooobobobobooobobooobobbon
gbbouobgougoooboobboboobbooodooooouobbuooooooobooon
gbobooboobooooboboooooobuobobobboouoboouooobobobobobbon
gooooooboooboobooon

114 0O0O0OO0OO0O0OOOOOO

gogooobooooboobobbbobbobobboboboooboooobooboooog
ggodoooboboooooboobbooboboobbuooobobobbOobobbobooan
gboooobboboooobobooboboooobboobooobboboobooobboonn
gboogoog 2000000000000 o0ob0ooboooon

11.4.1 0ODOODOODOO

goobbooobbboboobooobobbbboobobobooobobooobobboobo
gooogobooooboobbobooooobbooboooboooooooboobooon
ggbgbbououbdoooboobbbooboboobuoobobobbooboobooobogan
gooboooboooobooboobooon
gbooooooooboboboboboobboooooboobooobbbobobbbboooo
ugbbooobudgotbooboooboobooob bobboobobboboobbooboobooboobboboo
gbooooooooobbobooooboobbooooobooooooooobbobobbbon



gooooooooooooon

lL.gb0b0b0booooooooooboooooboooboboobooobb

2.1000000000DbbOO0ObOODOOODDODOObOOOO0ODOOObLODOODbDObOODOn
goobooobooboboobon

. 0002000000000 0000DO000DOD0000OO0ODLDOOOOOODOO0OOOODDO
gbbgobbobobodoobuobuoououoaboobooood

4. 00000000000 boOobDoboDbObOogLDLDOobDUObDObDUOODDbbO00o0DboOUbLD DO
goodd

s.ugbouobbogobbobuoduouoboooooooboboooboobbooobobbooboon
gboooooooboooobooobooon

goooooboboob 40 5000000000000 000O0000DODOO0O0OOO0ODODOO0O0
gbooboogoobobobooooooooboboobooobbboooooobobooboooon
gooogooogooboooooooobboooooobooobobooobobobobobo 1bsgg
goooboobboobooboobobooobooboon

11.4.2 O0O0O0OOODOOODOODOOO

oo00O000C000000OO00O00000O00000000O0 (DODOD0ObOoOoO Dooooo
000000)0000000o0oooooog

oooooooOoo0oU0ooOoOoOooO0O0ooUOoOOO0(Oo)DoOOooDOoooOOoOooboOo
gboboobogobobuobbooobdouooboooooobooboooboboboboboobobobod
0000 (102000 0000000000000000O000O000O0O0OObOO0ODO0O0OOO
000000000 00000000000000O0DO0000DOO000DUDO0D0O0D0OO (DO0OD
0)O0oOooooooo

goboboboooooboooboobooboobobboboboooooboooooooobon
boobobooboooobobboooboobobobobboobbobobobooboobobobobo
00000000000 000O000OCO0ODOO00OODOOOOOOOO0OO0 (Fig. 11.9)

11.5 0J000ooooooooooooog

goboboooobobobooboobobooobobonooboooobbboboobobobbooon
goboobooboooooooooooboboboooooooboobobooboobobooooo
oooooboo3gbooobobobbooo 2000bbbooooooooo o0 oooobooo
goboobobboooboobooobbooboooooon

e JJUODDOOO0ODODODOODDOODOOODO
e DO ODLDDODODOO

e IO UODDODOO

goooooooooobooooboobooobooccooooooooobooooobobobDOoOoD



11.5.1 DODOOODOOOOO

Fig. 1140000000 000000000DOO0O000DLOOOOOODODODOOOOO0ObOObOOO
oooboboobooobobboobobboobobbbo 3000db0dUrFig 111200000000
gogn

Axial 00O00O0OOO0OCODOOOOOOOOOOO
Cylindrical 0000000 OO0OO0OO0OOOOOODOODOOO

Spherical D00 OOO0OO0OO0OOO0OOOOO0OOO0O0O0O000OO0O0ODODOOODODOODOOO0

0000000000000 00000000DODD AxalODOODOODDODODODOOOO
OO0 Cylindrical D OO0 OO0 000000 OODOODOOOOOOOOO SphericlDOODO0DOOO
ugouogoogbbdboooobdooobbobooooouoboboobboooooooon
goooobooboboobobobooobooobooobod

OO00DO0O00000000 SphericalD OOD0O0OO

type cases
Axial 9
Cyrindrical 4
Spherical 37 -
Total 50

gooooobooooobooooooooooo0dOFig. 11.13
Oo0o0oO0o0OO0O00000000C0cO0b000O000000000O0 % 3 A
0 O (box-and-wisker plot) 00 0000000000000 OO /
Ooooooooooobodoooil10oo0oo0ooo0oo0 300
oooooboO0O1l1000000300000000000000
ooodobOi1s00000000000000O0OO0OOOOOO0
(wisker) D000 O0O00O0O000D0ODOOOOO0OOOO0OOOOO

000 300000000000000 ()bOoooUoooooo

000000000 000O0OO0 (x)ObO000bOO0oDOOoDbOOoOoooo
000000000 00DOD000000o00ooooogn

00 Fig. 11.130000000000000000000O00O00O0
0000000000 0oDooDooooDOoooOoo0ooooooo
O00000DDO0O0OD0DOO0ODOO0O0O000 SphericalOOOODO
00oo00o0ooooooooooooooooooDoooooog
000000 Axial 0 Cylindricaldd 00 Cylindrical 00 00 0 0O
0000000000000 00000000000000000
0000000 Spherical 0 000 0OO0O0OODOOOOODOODOODO
0000000000000 00O000

11.5.2 OO0OO0OOOOOOO

000000000 (00)00000D000o0oooooooo
00000000000 (Dooo)0b0o0oOooOo00DbOUObOOoOOOO0DbOOODOoOoDOooOOoOO
oooboooooboboobD Fig 1140000000000 000D0OODDOOODODOOO



goobobobobooboboboooboboooooobboooboboooboboboooon
000000000000 00oO00DU0O0O0OODOO00UDODOD (ooDboooo)oD 100000
000000000000 000000DO000ODO0DO000DOD0ODOO0DO0OO (4x640000)
o1o0o0000o

Fig. C.1 (No.25)0(No.33)0 0 000000000000 DO0O0ODOO0O0OO0OOO0OOOOOOOD
000000000000 0000(0O000O0ONo.15, 25,28, 33, 34, 37, 38, 39, 500 ) O O ONo.20
gbboogoboboobobobbooobuoobboboooooboooooboooboobboooo
gogooboad

Fig. 11.70 0000000000000 DODO0O0ODLD0ODODODO0O0OFig. 11150000000
ocooobooooOobocbooobooooobobo0oobobDoooobboobDoooo booo
guooodbuogouooobooobbooobooobobobooooboboobbbooboaono
gooobooobbooobboboooooooood

000000000000 0O00000O0O0O00D0OOFig 11160000000 (-HOOOODOO
00000000000 00000oooooooooooO (-)oooooooooooooooo
oooobooboooD Fig 1117y0b0gobooobbooobooooobooooboboooboo
vbobuooboobooubuoboooouoooboobbobbobobbobobooboooon
Fig. 11,180 0000000000000 0OOOO0ODOO0OO0OOO0ODOO0ODOOO00DbO0O00bOO0O0
00o00ooo0o (-10)00 (-)oooooooooooo

gboooooooooboooobobi2oNO0O0OoOoODbOO00oLObOO000ooOobooDboOO
gbogboobobuogboboobboobbobobobobobooboboooobouobobooobbbod
goboooobobboobooobboooboboboo

obooooboooboooboogoob nine0booobooD

11.5.3 ODOOOOOOOO

gbodbbouubdoogboooboobobooooboobbooboooobobbooonon
gogooobooboobboobboooobooobboobobbobooooooooooboobobobon
goboobooboobooobooboobooobooobooooboooooboog oo
bbooduuugoouobuooobooobobboooboobobboooooboboyd
gobooooobobobooooobood

gooobobooboboo 1is20b0b00bbobbobbbboobooboboobono
00000oO00000o00O0000000OU0DODOO0 (D000 0 <0)DOoDooOooUoDOo
ooobobobOdO0Fg 11190000000 0O00ODDOODODDODODDDOOODODOOOOOD
goboobbooobooooooo 26000 b009%0000000000DO0O0O00O0O0OO0O0OO
5002300000 Fig. 1119000000000 000000000

31
0000 ~wb) = 2203

= argg 0001107 at 50 < b < 230 (11.2)

b: 00O

ggboboobouobbdoouooboooobooooboobooobobbooboboboagan
goobboooboooboooouooobboboboooboog2sbgbooooonbn
oooobooooo<gbhL1iooooooooonDooo

noooon = 2b/wl) o (11.3)

2. 1/w(bi)



gboooooooobobbobbooobobooooboboooboooboooobobon
ogooooooboboooobobooboobbobboobooooobbobbbo0obOoboO 11.5.2
gooobobobobbooobobuoooooobobobboooooboboobobobbbbo 00900
U0Fig. 11,190 000000000000 0000O000O00DOO0O0O00OOOObODbOObOO000
gboboboboogbuogbobooboobbobobobooboboobobbboobooooobd
000000000 (o00)b00o0o00000O000O0O000DOO0O0LOO0oOoDOOoDOoODOd
bogobooobuobobooboodobod

gbboobobuoouooboooboobobbogoobaobbobooobobooooabaod
Fig. C.1 (No.1)O (No.10) D OO0 (No.1) OO OOOOODOOOOOODOOODOOOODODOOOO
ogooboououobobbboobbobobboooobobobooooooboaaon

U0 Fig. 11.70000000000000000C000OOOO0OO0ODODOODOODOD0 Fig. 1115600
o0o0O0O000o0oOooodoooo cobooobobobOoOoDOoOO00oOobDOoOogoDoOOoUoOoooO bOo
ubooobooooobbuaboobbogd

1.00000000000b000DbO0b00b00b000o0ob0bboDoboobDooooooDn
gbooodbooobbooooooooooboobobobbobbooooobooooo
ggboouoaboboboboobon

2.000000D000000D0DODODbOO0O0bOO0O00bDOoLODbDbOO0bOo0o0oOobODbOobOoOn
goooooboobbooon

. 0fgooooooobooobobooobboooboooboobobOobOoobooooOogo
gooobobbobooobbobooboooboobooooooboooooboooboobo

goboboboboobooooboo0oob0ooo0bOonD Figo 11.200Fig. 1121000000
000000 (-HoooOoOoOOoOooOOoO0DOCOO0OD0O0ODOOOoOoOOoODOOOOOO (-10)0(-1)
oboobobOoobouoobobobobbuodbUddrig 11.200Fig. 112100 00000000D0O0O0
gbooogn

11.6 O0O0OO0OOOOOOOO

gboobooooooooboobooboooboobooboboobooobooobobDn
00000000 Spearman 0000000000000 O0OOOOCOCOOOOODOOODOOO [63]
gooooooood

NODOOOO (z,y) 000000 2, 000000000000 ;000000 (1,2,3,...,N)
ggbobobobbooboud s 00b0bgbaboguouoooogogbboboaoboogoan
gobooobbobooobobboooboobooboo

00000000 0000 ROy ODO0OD S;,00000000 Spearman000000000O
vbogobuodaboobbaobooobobobooboo

- >i(Ri — R)(Si = 5)
ViR~ R)2\ /345 - B)?
r 0 0000000O00O00O00O0O0O00OOO0OO0O00O0 O

N -2
t:rsﬂl_rg (11.5)

ooOo0oO0oDO0OoooooooOobDnO0 N—-20 Studentd t00O000D0O0OO00OO0O0ODO 20 yOO
ggogoobopoooobbooobbbobooooooboooboobboooooboooooboooon

(11.4)




Table 11.1: Correlation of each parameter and impulsive forces

probability under

parameter Ts null hypothesis  significance
at frame (—1) (a) | 0.30 0.057 X
projection area at frame (—1) (b) | 0.37 0.019 o
time variation -0.44 0.0045 o
' at frame (—1) 0.072 0.71 x
brightness average 0.090 0.64 X
time difference 0.053 0.74 X
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(a) Original image: 256 x 256 pixels.

cavity
cloud g
cavity

Sensors TE.

(b) After gamma correction and contrast enhancement.

Fig. 11.1: Cavity appearance on NACA 0015 hydrofoil observed from above with a digital high-speed

video camera



(4)
Fig. 11.2: Behavior of sheet-cloud cavitation on NACA 0015 hydrofoil: Top view



flow

Fig. 11.3: Behavior of sheet-cloud cavitation on NACA 0015 hydrofoil: Side view



Fig. 11.3: (continued)



Flow Vortex cavity disappears at the head.

Foil surface
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This figure is quoted from Dr. Kawanami’s dissertation [92] by courtesy of the author.

Fig. 11.4: Ilustration of the behavior of a cloud cavity
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Fig. 11.5: Illustration of the view of the high-speed video camera when observing collapses of cavities
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(a) Original image: 64 x 64 pixels.

(=6) (—4)

(4)

(b) After contrast enhancement.

These images correspond to Fig. C.1 (No.14).

Fig. 11.6: Examples of sequencial images with/without contrast enhancement
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Fig. 11.7: Examples of sequences of bird’s-eye pictures by high-speed video camera at the time when
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Fig. 11.7: (b) Cylindrical type



Fig. 11.7: (c) Spherical type
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Fig. 11.8: Output voltages of the impulsive force sensor corresponding to Fig. 11.7(a)
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Fig. 11.8: Output voltages of the impulsive force sensor corresponding to Fig. 11.7(b)
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Fig. 11.8: Output voltages of the impulsive force sensor corresponding to Fig. 11.7(c)
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Fig. 11.9: Illustration of cavity collapse by shock-wave propagation
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Fig. 11.10: Number of measured cases of time difference between cavity collapses and occurrences

of impulsive forces
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Fig. 11.11: Relationship of time difference and impulsive forces
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Fig. 11.12: Classification of behavior of collapsing cavities

o]
o
Q4
ial
[
1
o |
N~ |
Eal
o
8 4
—
Z
@
1<)
L2 _
[
=
2}
= (=]
=] 4
2 ©
E
[
!
o |
©
o
<
7
1
1
PR
]
1
1
PR . !
PR
o
o~
T T T
axial cylindrical spherical

Collapse type

Fig. 11.13: Relationship of collapsing behavior of cavities and impulsive forces
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Fig. 11.14: Views of the program to measure the projection area and brightness of a cavity cluster



Projection area ratio: No.26
0.7 T T T T T T T

o2 b %

oxl

Projection area of cavity/frame area

0 : : : : : : :
-800 -600 -400 -200 0 200 400 600 800

Time [usec.]

Time variation of brightness parameter: No.26
09 T T T T T T T

07t

Brightness parameter

05 S N N S SR R
-800 -600 -400 -200 0 200 400 600 800

Time [usec.]

Fig. 11.15: Projection areas and brightness parameters of cavities which correspond to Fig. 11.7(a)
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Fig. 11.15: Projection areas and brightness parameters of cavities which correspond to Fig. 11.7(b)
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Fig. 11.15: Projection areas and brightness parameters of cavities which correspond to Fig. 11.7(c)
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Fig. 11.17: Relationship of minimum projection area of cavities and impulsive forces



Relationship of variation of cavity sizes and impulsive forces
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Fig. 11.18: Relationship of time variation of projection area of cavities and impulsive forces
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Fig. 11.19: Mean brightness distribution of sequencial images before collapses of cavities



Brightness parms at frame (-1) vs. impulsive forces
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Fig. 11.20: Relationship of brightness parameters of frame (—1) and impulsive forces
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Fig. 11.21: Relationship of mean brightness parameters of frame (—10) to (—1) and impulsive forces
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Motion of bubbles at typical positions
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Fig. 15.4: Time variation of bubble radii and pressures on the bubble wall
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Pressure of interfaces of bubbles on the bottom
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Motion of bubbles at bottom center and void ratio

0.4 T T ! . 0.0012
| : radius on 1A —
4 0.001
g > | | | | 0.0008
= 0.25 o b A ' o
2] i
=) I
}3 0.2 + 0.0006 S
O | | | | 'g
= 1 0.0004
M 01+t
? ? ? 1 1 0.0002
0 i i i i 0
0 200 400 600 800 1000
Time [usec.]
Pressure of interfaces of bubbles at bottom center and void ratio
100 ¢ - T . . - 0.0012
L s s onlA —— |
‘© - 4 0.0008
s o
> . 1 &
; 1 0.0006 -
2 01} . S
o 1 0.0004
0.001 ! ! ‘ ‘ 0

0 200 400 600 800 1000
Time [usec.]
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Motion of bubbles at bottom center and void ratio
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Motion of bubbles at typical positions
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Motion of bubbles at bottom center
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