H8E HIH

KA TR AR

Journal of Rocket Force University of Engineering

Vol. 38 No.3

20244F- 6 H Jun. 2024

A b AR 22 Ak o )
M 5 k2508

kAEE, N W O LAE 5 T
CRETETRER ., BEVE PG4 710025)

B OE: AT FFANEESHERHR. BAFLXRIER T EFAHNEE
R, NZRNEWNAE, SRTEAGFEAMBREESHEHNE T EH KN
BEBMN, EEAMTETERREK/4BEFMETRR _ALIGEEREEI2XE
EMNEFEFZHNEE, RERUURFENEARAEENA, REL2T 2w EhMEF
ERRKLRTE, FRET AT EMBRN XA,

xR S BfhdEh; WEF X, ERERAE

hESHES: TI410 XEkir &g A XERHS: 2097-2741(2024)03-111-008

A Review of Measurement Methods for Cavitation Impact Force on the

Surface of Solid Materials in a Cavitation Field
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(Rocket Force University of Engineering, Xi’ an 710025, Shaanxi)

ABSTRACT: As the measurement of cavitation impact force plays an important role in cavitation
theory research, technological development and engineering design, this paper summarized the re—
search progress of measurement methods for cavitation impact force on the surface of solid mate-
rias in a cavitation field from the experimental viewpoint. The principle and device design of two
main measurement methods respectively based on piezoelectric crystal / metal pressure rod and
polyvinylidene fluoride piezoelectric film, as well as the technical difficulties and problems were
analyzed in detail. Finally, directions and trends of measurement methods for cavitation im—pact
force in the future were prospected, and the key technical issues were proposed.
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Fig.1 Hydrodynamic cavitation jet photographed by a

high-speed camera
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Fig.2 Schematic diagram of piezoelectric crystal/metal

pressure rod device
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Fig. 3 Schematic diagram of the measuring device used

in Reference [18]
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Fig. 4 Schematic diagram of the device improved by

Okada for the second time™
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Fig. 5 PVDF transducer composition and structure

HE S HT LA, PVDE H A R A T J2 X
[T I = i a1 1 R ol A e = WA R i
PVDF M2 £ . iz . BiK. R, F2RA
WA PVDF BRAE R, 5 J2 WU B 3 e K
e EH . MW PVDF B 1T 3R 4 & ok 51 iy
HRBENG S RERS

T PVDF He H i B I0 3 07 325 9 TA B 32
fEzs e, PVDF TR 25 4k o ili /F AT 77 A2 ik
MHER S, IFRBIERERGRE . Idxk, i
Pz 23 Ak opils kb A5 5 R IR AR L A% IR A il R
THE O 7o A% 2 1Y 2 25 o 38 R H T Bk e
ke,

Momma %5 fiff H )5 110 pm # PVDF J# % . I
JZRBE G (Polyimide, PD K7 . JiK)Z Kapton
Jgeats, Hil4E T PVDF U IX A R 8.8 mm’ 975 b
il AR RS R ORI TR NS A AR -,
e T DR A B W T S A K S i (I 1
£20mm. K5.0mm), 7EME LM (EHEES
8 MPa. FUi#JE /1 0.24 MPa, #5641 0.03. Wil
40 mm) FAFTFMEMS R TS oS s
flop MR RSE oA, 360 SRR 51 F 2 1Y



2024 4F AR,

23 Al 3 v AR ORE R 1 23 Al b T e D5 R LR A 115

PVDF 75 fk o iy 1 4% 8% 4% it >R 9 4% 48 % 5k
PREIEAETER) B B . JEERERR, KBk
F &R di sl B, S ARG T,
s B S H AR /N, DG YR BR vh i PVDF Ji Ha i
7= A ik o A 5 0 4R S B () &8 /0 J2 28 b b s ik ok
F I ARE, RIMBIRES BhR E S5 7S Ak ok Rt
FHZEHE T, DT X 0 2k 445 R %) offe o 7 2 R
N T fRYEX AN A, Soyama ZEPOIF K T AN
Wi bk % 35 R AR 2 PVDF AR IR A%, %45 2 A9 bk o
5 T R I ) K b TR R A AR b A S 3
AR—F,

R1 XR[3S|BE S RBVIE
Tab.1 Partial typical data obtained by Reference [38]

AP R

I A B A% /um A /N
10 22.4
20 27.9
LI 8 MPa 30 34.6
5% 2 40 mm 100 46.4
150 50.7
200 58.0

Filali 452 *1F] H] Cavermod (Cavitation Ero-
sion Model) &8 A= i 3 23 1k 193 7 19 bl 1) 358 K,
3% MgO i . HHLBE % R/ 42 J8 64T . PVDF
JE B S A5 5 vk I A S Ak op s iR AT TSR . B
Wi, PVDF o 525 b oo 00 4% A 1 G540 8
PVDF JEJE 40 pm, [ #RM0K 25 MHz, U X &
5 mm, M 2)2REEW MG B % BT a, s
I G J2 T 3R Mk S e Ji ol R s 4 B A . X
Kima4k, 24 Cavermod 2% B %5 # 4 500 r-min' .
TGN R 0.5 mm 2 F T, W& 52 1Y 2t
SRR 2 Ap AR R, H i Ap= 0.4 MPalif,
by 1423 300 N,

T 2R e 2 . S FrR ) PVDFE
A8 SR RN I 1 AE RO b, A B 0 2 Ak e
WAP SRRl R QRta SRR €l AN L T T Y
ShABER AR, e 0 Ve A B vh s f 4
AR g B, YECH 5 R T2 B AR
B, 00 S T SR M (AR MR AR . Sk [32] ¥ 4R
e, LS B R B9 PVDF A5 I8 s 0 78 43 J8 40 04
ERIDARNEN AR U DA T o il O ¢ o [ e < B U 3¢5

e R s Ty BUE AR 2200 1 /5 . 2B A H i A
Al REALTE T .

KA R AR I F PVDF TR H 35 /E T
PVDF /i ¥ 3 8 T — # (Hydroxyl - terminated
Polybutadiene, HTPB) #Eil |5 & 14 &, I L
F, i XM T g N AR AN 5 AN AL B b A
FEAG A M AR G IE Bk bR e v, #ALRSE R/
el SRE T AR A ol A S ) R 4z
ZAkapd ), W 7oK 1z g h 2 A R
PRI HTPB W2k rhdi /1. PVDE/HTPB &
AR R R AT B 23 Ak oh i Bk b 5 5 n] B R
e 25 Ak 37 v a3 Ak XF HTPB #3577 2 i (1) v s /) 2%
Meg 7, i R T B B AR JC T I AR A 7 A ok
Y245 10 BT 32 10 23 Ak el g i i
23 HMWMERE

Br 7 UA 2054, A A SOk E TR
T MgO 5 i o7 5 24 25 R L 422 R FH vl 1 R rL A TRk
W25 A p il SR i, fEMEHET TR A4
230 AF MO % s s 40 A5 6008 7 ik

MgO B &y A B 20 25 e W oL il i ik, )5
KW T2 vk B2 MgO B8 76 W % R 5 1 2
AR EAREE A2 e A B, RO AR R AR R
I T R =R R N VA - =S D
MgO i B X AR, Okada %670 MgO HL i 2
RS S e, A ehd g VR H TR A R
AN T BELH S, SEO T 2 Ak v mr /R
IR ) AT AR AL, i N T 2 A R A A5 A A
FIRE . Filali 8528 2 i P 25 08 DCAE 8 32 ™
AR IR R RS MgO B, SR )5 FIl H MgO L i
I1 18 3 Cavermod %% & , £ Cavermod %% ‘& 75
4500r-min ', IEFENF 0.1 mm FHME T, =TT
Bz fepd 71 59K 25 Ap &M XRR, HY
Ap=0.1 MPa, 0.4 MPaltf, =5 fbuhds 714354 20
NFI1150 N,

232 ATHRAELERSGNE T &

Franc 58" B 32 F1 F 5L B g R A% Jkds (b
6.2 mm, URX H4# 3.6 mm, HRE>250
kHz, FFHFE<2 ps) TEOE PR KR b I 5 23 4k e
i I AR R TR BKE R, AWK E A2 3.6
mm, Jiar0.44 g, 7% 0.5 mm, i /E IR 2
14 ps. BIREY 223 7E 1142 100 mm 4 @ # & b H.
e I A 3R 1 5 A R T 5%, R R R R s
W o =094 FEKEARAZ, WHKER TR
Al T8 CEdie e 15090 2 1 MPa, 1.5 MPa. 2.0



116 KR T AR R A2

55 38 &4 3 1)

MPa, 3.0 MPa, 4.0 MPa) T2 fkihds 2 i
z3 ki J37E 100~500 N Fil

A AL AR T & /0 1 MHz 1Y H 2R
R, H T — B0 B R H AR R AR Y SR A R A
AT 1 MHz, 24725 £k w7 28 ar 10 45 10F 431 % KK
AL TR A Y AR R, A% R R il v T R R
A5 5 1 b I A S R R R AR A

3 BEERE

A h i SR A AT A O ), AR
WEA 1 25 1k by ) 2 s AL B S HEORBESE . MG
GUR TRV e, = vhi I pg i BAA R
SF LIS H R s e et B VR R (E]
L& AN (R NTIR AL A NN i TR O v o D VR 8 1
S g R M, B0 2 Ak bl O 0 g TR A
Jir L, AR A A et 0 7 2 F SR 2 A 60
KA, TEE PSMACHESE N R FrLE 55 ) T A
TARKHERE , (HEMRUL, P8 ANE. SCi g
P20, HL AR E 105 45 R A e 22 8] 1 A7 7R BR 1Y)
255, B, T2 Ak by O3 4 J7 2 0 WF 5T
N RN ]

(1) T AT i A /465 T A 2 o 1) DU
ik o BOARIZTT 0 D i 2 B 1) B AR SR R
e, AHAZ 5 VR REAE I A 4 T A RE R T s Ak i
IR B R EE 4 Jm R (oD AR S b
it MR L R ORE Al A Y B R
M A A vl IR A A AR, X B A HER
KBS 5 TN M E . B R WA HZ 7 2%
I 4 Jam b ) 3R T 25 A vty g O T AR SCRRHGE
TR ok A BEPT AR UL . WK hAE S R
b3, S A A AR G R A R R T s i
AU &L, B — 20 4R RIZ DT I I BE ST A5 1)

(2) KFHF PVDF J& s B I 2 5 1% .
T PVDF J&m 2> 7 I Ak, A BTRE 5K
MR BBV B vELr , oKk = g h as e b i
DA% B ) BRARRARE . Ja 2o 75 BE BT A A DL
W IR AR A 5 o AR LA S A AR HE 1 5]
= R WK 45 KE 25 (Polymer Bonded Explosive,
PBX) 4 &AM R 5 PVDF & &, ithlfESE
B RALIRAS , TEBUKAR S g rh B R R R T S
s Iy o A, ORE R AR R H AT R N i
SR JETT 1] .

(3) KTt IR bR . AR

Z3 Aty B e PR B s A b K e A5 S AR AL, E—
ARG ST S EIRREE . RRAE A — B s fl b i
IMEEER R Tk, BAUE G M ke ik
DAFRE e 23 A ety i i 0 B 44

CEPE &
(1] Zo, B E, #, 5. S0oKkah ke v Rk
WEIE Bk N B (1], Jisg ik, 2019, 49. 428-
479.
JI B, CHENG H Y, HUANG B,

search progresses and prospects of unsteady hydro—-

et al. Re-

dynamics characteristics for cavitation[J]. Advances
in Mechanics, 2019, 49: 428-479.

(2] e, Tk, ZHA, . ILAm it Lo i
M]. dbst: JF4ERAHRAE, 2020.

[3] FBTHE, RWSE, HERE. KTEFYHIA S B

FLLE RO F g gt R (] KRk B gk, 2021,
41(1): 87-94.
ZHENG X Y, WU S Q, YANG J X. Research
progress of incipient cavitation number and its scale
effects in hydraulic structures[J]. Advances in Sci-
ence and Technology of Water Resources, 2021,
41(1): 87-94.

(4] 2K, %, XN, & €% S0 sh L
SRR ER R LA [T]. SR S22, 2020,
38(4): 746-760.

WU Q, GUO Y M, LIU Y Q, et al. Review
on the cavitating flow-induced vibrations[J]. Acta
Aerodynamica Sinica, 2020, 38(4): 746-760.

(5] skflhi, oAb, Ris. masfbaitgny i o o U T

B s ke (). 2 T sh J1 244, 2020, 38(4):
761-770.
ZHANG W, YANG P, ZHU B. Review of cloud
cavitation structure collapse and its prediction of
erosion risk[J]. Acta Aerodynamica Sinica, 2020,
38(4): 761-770.

(6] B, XU, 24h. AU m A & R IR S X
BEROR (D). WAL, 2019(7): 56-58.

(7] EFHAL, BEE, R, % AHUEAKKS =Lk

fip T LRIk L], HEELAR TR 24, 2023, 41(9):
913-919.
WANG X L, ZHAO G H, XU W, et al. Re-
view on hydrodynamic cavitation degradation of or-
ganic wastewater[J]. Journal of Drainage and Irri-
gation Machinery Engineering, 2023, 41(9): 913~
919.

[8] Z=axfk, EEE, |, . BRI PRrBOR IR
SRl T Ak, 2018, 37(5): 93-96.

LI QJ, WANG G H, LEI L, et al. Present sit—



2024 4

KHE,

23 Al 3 v AR ORE R 1 23 Al b T e D5 R LR A

117

(9]

uation and development of waste ammunition de-
composition technology [J]. Ordnance Industry Au-
tomation, 2018, 37(5): 93-96.

T, I, KT, ARSI Ve B A 1Y e B AT
(1. A Afe T4, 2021, 24(7): 122-124.

[10] PENG K W, TIAN S C, LI G S, et al. Map~

ping cavitation impact field in a submerged cavitat-
ing jet[J]. Wear, 2018, 396-397: 22-33.

[11] PENG K W, TIAN S C, LI G S, et al. Cavi-

[12

[13

]

]

tation in water jet under high ambient pressure

conditions[J].  Experimental Thermal and Fluid
Science, 2017, 89: 9-18.
SOYAMA H, CHIGHIZOLA C R, HILL M R.

Effect of compressive residual stress introduced by
cavitation peening and shot peening on the im-
provement of fatigue strength of stainless steel[J].
Journal of Materials Processing Technology, 2021,
288: 116877.

W, wE, XIVETE, AF. AU SRR AE
FEBAR B e (7). 2R3 S, 2020, 38(4):
724-745.

HUANG B, HUANG H R, LIU T T,

Research progress and prospects of ventilated cavi-

et al.

tating flows characteristics[J].
2020, 38(4): 724-745.

Acta Aerodynamica

Sinica,

[14] skE e, ZEmbh, XIEBK. EH S lkd Rk

[15

[}

TEE R ]
160-166.
ZHANG C X, LI X L, LIU Y Q. Numerical in-

vestigation of water—exit cavitation flow of subma-

[ B BF 5L K24l , 2016, 38(3):

rine-launched missile[J]. Journal of National Uni-
versity of Defense Technology, 2016, 38(3): 160-
166.

TR, W E, BRI, 5. W CHT & LR R R
IR IR 2 b S S F gk e (D). Aias 4, 2023, 44
(7): 27131.

XIANG L, XU K F, CHEN H, et al. Experi-
mental studies on cavitating flow for liquid rocket
Review[J]. Acta

2023, 44(7):

engine cryogenic  turbopump:
Aeronautica et Astronautica Sinica,
27131.

ST, TR, BRMS, AF. E N AMRIE 2 b
HARRRIRIT. KT, 2022(3): 75-80.

SHI M M, WAN L Q, LU P, et

situation of obsolete ammunitions disposal technolo-

al. Present
gies development at home and abroad[J]. Initiators
&. Pyrotechnics, 2022(3): 75-80.

SOYAMA H. Cavitating jet: A review[J].
plied Sciences, 2020, 10(20): 7280.

Ap-

[18]

[19]

[30]

[31]

JONES T R, EDWARDS D H. An experimental
study of the forces generated by the collapse of
transient cavities in water[J]. Journal of Fluid Me-
chanics, 1960, 7(4): 596-609.

KIM K H, CHAHINE G, FRANC J P,
Advanced experimental and numerical

for

et al.
techniques
cavitation erosion prediction[M]. Dordrecht:
Springer Netherlands, 2014.

B, WFHE, X, . ORI AEOR N M.
Jent: B HipsE, 2019 17-18.
WA, whA. =P IMI]. dbat:
AL, 2013: 123-126.

CHOI J K, CHAHINE G L.
tween material pitting and cavitation field impulsive
pres—sures[J]. Wear, 2016, 352-353: 42-53.
FRANCE J P, MICHEL J M. =&l [M]. #®
=i, e dbat: BB Tt Rk, 2017: 220-
222.

FRANCE J P, MICHEL
Cavitation[M]. Netherlands: Springer, 2005.
SOYAMA H, FUTAKAWA M, HOMMA K.
Estimation of pitting damage induced by cavitation

2005,

B Tl

Relationship be—

J M. Fundamentals of

impacts[J]. Journal of Nuclear Materials,
343(1-3): 116-122.
OKADA T, IWAI Y, ISHIMARU H, et

Measurement and evaluation of cavitation bubble

al.

collapse pressures[J]. JSME International Journal,
1994, 37(1): 37-42.

OKADA T, IWAI Y, AWAZU K. A study of
cavitation bubble collapse pressures and erosion,
part 1: A method for measurement of collapse pres-
sures[J]. Wear, 1989, 133: 219-232.

IWAT Y, OKADA T, TANAKA S. A study of
cavitation bubble collapse pressures and erosion,
distribution

1989,

part 2: Estimation of erosion from the
of bubble col-lapse
133: 233-243.
OKADA T,

Measurement

pressures[J]. Wear,

IWAI 'Y, ISHIMARU H,

and evaluation of cavitation bubble

et al.

collapse pressures[J]. JSME International Journal,
1994, 37(1): 37-42.
OKADA T, IWAI Y, HATTOI S, et al. Rela-

tion between impact load and the damage produced

by cavitation bubble collapse[J]. Wear, 1995,
184: 231-239.
MORI H, HATTORI S, OKADA T. Role of

bubble collapse pressure in cavitation erosion[J].
JSME International Journal, 1998, 41(1): 96-102.
HATTORI S, MORI H, OKADA T. Quantita-



118

K TRER 2240

55 38 &4 3 1)

[32]

[33]

[34]

[35]

[36]

[37]

[38]

tive evaluation of cavitation erosion[J]. Journal of
Fluids Engineering, 1998, 120: 179-185.

FILALT E G, MICHEL J M, HATTORI S, et
al. The cavermod device: Force measurements[J].
Journal of Fluids Engineering, 1999, 121: 312-
317.

WO, XM, JuARER, . AETEA RBAONT
PVDF & & & W & Pk e 8 £ [J]. & =9 #8224
2023, 37(4): 37-46.
XIE L, LIU Y B,

ment performance

et al. Measure—
PVDF
piezoelectricity [J] .

2023,

FAN 7 Q,
regulation  of sensor
Chinese

37 (4 :

based on composite
Journal of High Pressure Physics,
37-46.

A, JAR, WS, 4. BT PVDF R4 R e
STMEM ARG I, fras# 4k, 2014, 35(8): 2190-
2198.
BAI S,
intelligent
PVDF[J]. Acta Aeronautica et Astronautica Sini—
ca, 2014, 35(8): 2190-2198.

HL, AR, RRESE. PVDE H A g 3 % 1 25 75 Jk
FRPEWEST (7). ThREA EL, 2004, 35(4): 450-452,
456.

JU D S, ZHOU Z, OU J P. Study on strain-
sensing of PVDF films[J].
Materials, 2004, 35(4): 450-452, 456.

SOYAMA H, LICHTAROWICZ A, MOMMA

T, et al. A new calibration method for dynamical-

ZHOU Z,
fatigue

SHEN Y,

monitoring

et al. A wireless

system based on

Journal of Functional

ly loaded transducers and its application to cavita—
tion impact measurement[J]. Journal of Fluids En-
gineering, 1998, 120: 712-718.

WANG Y C, HUANG C H, LEE Y C,

Development of a PVDF sensor array for measure-

et al.

ment of the impulsive pressure generated by cavita-

tion bubble collapse[J]. Experiments in Fluids,
2006, 41: 365-373.
MOMMA T, LICHTAROWICZ A. A study of

pressures and erosion produced by collapsing cavita-
tion[J]. Wear, 1995, 186-187: 425-436.

FILALI E G, MICHEL J M. The cavermod de-
Hydrodynamic aspects and erosion tests[J].
1999, 121: 305-

vice:
Journal of Fluids Engineering,
311.

SRAE, XU, RS, AL g E e kR R
T 2 A o 2 G 0 D i SR s CNL15711694B
[P]. 2023-02-24.

OKADA T, HATTORI S, SHIMIZU M. A fun-
damental study of cavitation erosion using a magne-
sium oxide single crystal C(intensity and distribution
of bubble collapse impact loads) [J]. Wear, 1995,
186-187: 437-443.

FRANC J P, RIONDET M, KARIMI A, et al.
Impact load measurements in an erosive cavitating
flow[J]. Journal of Fluids Engineering, 2011, 133:
12301.

A, MSCE, BGEEI, AEL K I HUMC R 28 fd i
TR I, BEANJI%, 2020, 24(4): 536-542.
WANG J, TIAN W H, ZHAO J Q, et al. A
review of research development of cavitation ero-
sion in hydraulic machinery[J].
Mechanics, 2020, 24(4): 536-542.
MELISSARIS T, SCHENKE S, BULTEN N,

et al. On the accuracy of predicting cavitation im-

Journal of Ship

pact loads on marine propellers[J]. Wear, 2020,
456-457: 203393.

A, AT, B, AE. W ILBRBESE AR S bh
FEPEMAT (D). IR JRUE TR 224, 2023, 44(8):
1319-1327.

DONG J S, LI Z R, HE W, et al. Analysis of
the cavitation characteristics of common propeller
materials [J].
versity, 2023, 44(8): 1319-1327.

Journal of Harbin Engineering Uni-



