Ty

o g g e sy oy e g
Y oAy R NI FE 3
ARSI Sy A ¥ ot d

EANG

[
s T
A AL
= |
erom B s e &
g E ALALIRE LGS

R
o e




S

3

£y

e

B,

H

B
FHE

<

't

£
H
&5

i

o *3

3
oo go:
i ¥

i 2y o gy
ii';g;é.a, RE L

oy

o
Sl

£

o,
13

i
3

2
ik

Y re

a ve am
1y Torgp e ?
BHUALL

2% 4
&

1
+

&

S
o

ke

g
¥

«
Ys
B dut o

o

4

&

CTENN

&

2

1
i

X

ied exn

)
e

wers

){3

ady o

Y A,
oY

L8 I

~
Ped

b g
=iy
{3& .-Lﬁ«::i !

e

»
L

Sy B

i

»

o
1.3

o3l
<3 :g 3

5 wi

3
-

»
i3

G

Jad

e
i

£
W

.
RER
AL

4
P a1

aiver

5

a

'y

o
¥
S

&£

&
)

B0
4

b/
3
Y ik

=)

PEONN

sx
5
A

L pe

f

.
BELE

Ha?.

nd

3
4

g
€.

R, D, Pehike of the

=2nd R

%

A

pEE

k2

#
i

35

L

e

§

§-

Pﬁ a AN (f\,}“




ol £

e

o [4¥] & L wy
s <3 &3 & i e} P o @ o
3 , o BB @ w8 2w o £ o & 2
#r RD L% Pou , 4 o e ; : 39 s 4 o, e
g4 B %4 w P LR o S o PO R : a2 0=
N £ oW 2 oo - B s 84 5 4F P
g = o g & m Q4 o3 IR T 2« ;w2 B
@ &y & M T B L T D T NS " = ed e
o € 2 &3 & =2 & 3y P = QW 42 pu? i - i3 @ mm
e 0 3 2 L g - g 2 = e L o #d 3 R .
42w @ VBB @ ¢ w g M s oW B £ Py b ] by .
3 & Jd 5 X .m m e I 4wl £ P s
22 g s + EE N I ™) ol 42 b oo L B e ¢ &
B =Y A3 S & 4@ b g4 o & 0 = e - =
@ Q m @ 53 R B S © S+ R - B SIS @ 8 '
0 e w9 @ N R P H <3 @ el E &3 res
gHoow 9w w &N = e £ LI S g @ 2 B 2 & a0
& = 8w oL ST < B - B - B = B & O SRR 5 &
) u £ 2 O W o B % 8 0 s @ o O & ot o
43 e ¢ & & BQ [ . <3 B & 49 by fh
T~ R~ QR = £ S < S = N« TN B A = B B ¢ 2 ) T & N
&) el ey o 43 % @ &¢ QB o 23 N ol I B 2 D P
i i G 2 woW B H R W o O &8 = w B8
< 5 B ] [ S R v T T SR« B S T A i3 ) By D u 7
w4 e nw O e e I 5! I By A g g
@& o] £ o i VI b i 4y & ud b Il 4 wh o 48 €3 &
i 5 4 6 20U e T > S v .~ S R ) g & (=R T & s 4
i3 g a0 & Y ot < @ D e B8y el al B 3 qﬂ.am o] als] £
e R o 8 oab K LR I R B | L T B, pad
o o & O e - - T~ B B ¢ ., & D e R o o
@ ] & £ 42wt 0 0 @ = e i \ 2 R I =
e ST o T A 2 B~ B T~ T~ S D * T S~ B, = , & o e o 5y ‘e
Towt o 20 3 SR TS R = B Ve S P
& - N~ R | £, & B 42 @® ww S o & & o
T g O el o w e ooogo oA oW H ¢ 38
, i 03 Fx R PR B B B ¢ T I S T D & 7 1
B = BTN T SRR T G o £ g n
ol f2 @ e B R~ B A I T B o 3,
W42 23 v .m o Q8 8 & i o~ @ e ; B
g @ E R , L I A B Q $ £3 - S
i Bodr e 0 0 @ 0 o € eiom e 5B
4 o % S &5 mm (I fa & § &
> B e s g Q @ C I B~ B i 3
o W 5 LS - N SR o Gy G g b @ WD L S
Woow 4 @ £ Q0 0w 42 £ S o
H % e B~ T N S S S & o B - P 9 .
ta W g om e . e BS0w e W P Som
3 42 f.q W2 o iy L4 2] G2 e pi iy 5o 05
Sy B €3 .m D D @ . @ wog 0 3 el s 6
=h & oo ¢ o o X I T =R ;" e
9 24 5 B & @ H bk
R B 73 85 o v QL L H i3 e
i EE mnw R w % L o o o asw H b
,,wﬂ 3 ] ) 4 4, o3 &4 w!... J4 - Ly
i 0 o o P! ol 6] £ o & o3 +3 tid m ..M..W nﬂmw
o7l Q42 L g VIS B i & H 3o
s & SR I X W B 4 &
o 6 w o ¢ <O 0 & wiong : o
3 o e T B o o s i A
bl be &2 5 B ) 51 o k)
by 0 W ! O = o<
S5 S B T~ B 42 ) O
ot -5 o] 7 =4 e~ ved
4 Rl @ o £
S o e
wv.«m fnsw
¥ o ] b




o] L5 2 £ i)
25 ) £ o I o B e &
e 5l & & e w Ao 9 o g o
&) L A ¢ D &3 5] 0 W W Ly 4 +3
5 K 4 # it D~ T B @ s e
53 $3 £ w4 & L apd il g2 i e vt e s [49) Loy T
s ] oo onn B Y B & ©m | S e A el
[ wi o~ O o o e - I 5] W = I B
43 % R e SRS B S © ZR B B B S < B A B 8
] w0 ] el 0 m oy Lo T S B v S < B M,M U BT R
o o ¢ © a 4 #H & o B oo 42 @ D B el ol @ e
(9] L& £ LI 5 P e oo 1] (S 73 D & ﬁ 2 B
ol P & s L B D P EH BT S 4 o & o 0 B Q9 6
£t £ oI B R = B B = YO T I = s O MM e Py 2
i O B L [ g G e 8T By oW e “ 1 w...m Moow wm
e o SR N S S o oo o T v > B @ & o @ e U B
2 o0 o ﬁ S T v I 55 X TR - S S S 7 O G s £ Qe
e O =T B L - B 4] Mmoo ® [ I PR = S T - T S Y o
£l e O TR £ e o2 g o8 & &8 e B BB el e
I T B« B B S | B 2SO~ S~ B - £ R I eI SR )
P O © @6 @ o o LS T = R B B~ R TR A < S -
R Bt 24 = s e A < " Pl o &1 O3 &
[ a3 ] £ fn HE e w? ot 3 WM {22 B < S A & w ] 1
@ £ & w V] 43 el L e S B 0 @
S0 42 D9 o g1 o, 3 b £ ) B S | )
EEI £ 4 2 el - S T~ B B S o B T B
A R & e~ TR B S B~ =l &3 g O
e G 4 4 I o R B S I T TS B < B
w1 Q e 8 Q > B & 23 - S Lo T TR R < B
L R S v TR P S £ 0 &L & 9 9o ©m & 3
2 "] om # & G ¢ ow HOZS o8 oa o WY
£33 N Gt e s 2 @ e g ol o S~ 0w oo nw 1
. 2 B & Fut £q o ] (=T T B B B
g &5 v @ [ B ] B L S e 3+ ot
b A R [ S A = 0 R L SRS B« S S N I B =
o I 5 o = £ UGOW e g 8 o
S ey i e = 2 ~ s % hgs q Sfm
= o SR = o woag @ @ e S @
a3 wed 42 3 R B R~ < R« S B < B 2 -
€y ..,m mu_ m .mm mm [ mmw «pa3 w% D o5 .mu Sge? P
@ S I 2 i : 2 2 oD
RN | - I E R 2 &8 W 2o Bu o By
PR Gl o 5 0 £ el by e
LI L B B o moo& R B e B B
(& g i3 & < ] & o A 2 Q 5 &) o e B
o s T . e« B oS 82w £
& €3 &3 -} b = s ) by &0 o)
& & Tooe o 8 g B o
“s _ £ &3 7 S =N s owm o 3 G4
4 &t B By i % B O &1 wt ® O 80
£ e} & o el ain %] €8 m & u,m..,lm & jaat
4 & 2 oW W« N e = wo £ ot
£ 43 o] i ig L2 I o I g 40 B
o S @ &S & G . G . 8w £y
= A & o 4 ey e & O g W = a2 ay P
& o % 43 o < S E e & £
9 woom 5) ] @ 0 @ g G
: e @ O % w0 g U o £3
. w% &g &3 = s P oo
TR B o £5 g B woow 9 L4 0 0H %) 55
4] w.m Q O w3 £ 49 WM ® "
o g e R . anm o e
&8 gy 53 - x ) F-N e
2 LI T & S . e,
L3 a~} A Fs
oy A B = S 7

(]
o4

s,
3

nally very near §

£

A
w

rge enoveh to cause the ohserved

of collapse 1s orig
rees la

ey

te

£y

a0se cen

peen snow
a?i

¥

-
)

4

&
£

AK:HPN

¥
£

7

&

I

urface, can ereate fo

aos al
4ad

e



W
were ¥hirled rapidl

that ca
1 velood

b4

w1 , k
L] e ﬂh., .WM Qv «wﬂw m @
“Vﬂ o3 ¥ uﬂm mwv,m B «mw:w m\» 3 [
t =] {5 £ € o5} G ] o & mm
=t &R w5 pol il % M..Bm K , ! - e o = mmw 5
} L3 £ (3 (- £ el £y e ] [ % S
@ + kS & : A N I < &2 i i
G muw ' i 3 P - S S S R - R Fo B -t
o G A D e & Qe v 4 : i i b P} g
N h o . & [43] F ed 3 ko & FES o3 £3 1 O
B S 24 i« SR ™ P i@ PR B~ I S ] 2 g
o ol SR o g8 Con S R T S B - S = M o & ™
GH g €2 s 2 & L I o] 3 &1 &3 & e o> =i . 0w
nd ® g g R ] . ] od . Pliod ) 15 2D
. e €2 @ £y A L Lo S R » ] o o S o] o &
2o R w8 [ I T~ B = > A g . = O @ .
Y Es o o T e e B -8 om0 ow oW m e D9 b £ g4 3
i i ol a % e For] 3] fur B o oad & s wo A = &R
e Kjad e it ﬂ...u s et Tl % 53 (934 o] ) . ot
& NS a3 B ORI B D+ : % ., H=2oe » g @ @
b P s €% bx Ei4) £ 5 wml ks ey £y b)) ﬂdm ol uw”a e, & 2 . w tow] =GO
S A G- B A B - B S-S - S <IN - B S I
uoew o B S 8 2 s B w8 o 5 s L 8 8 4 =
w8 @ o & iy &g o ks Py B % mw m”..w - 3 i = 23 el "m o5
3 2 & % - 2 A iz ) i 3 e ] 2§ e g8 e et . i ;
g YT ¢ wdE 9 8 F W 8 R oM W oo T % w ® © Ba,
in & w4 S & 23 4 B L @ @ A~ £ i m S J K
TR~ I -~ B A i W 4] L o 2 I B v B S ' B ) WO
v O " SR - B T R =~ I - - B " I & e
T~ T A R - g b ow g € B wh o dn ! w0
I R B S A o I I T N - B N R - T T = R -
S D A S S - B SR SR~ v (R 4+ B e R o B A B AN T~ U T O &,
wrl L 8 > A wh B o @ 9 Q o No 49 mm ol o - m >34 ] &
a3 g I R o T =i wm...m FE I k wi H £ mw 2 o £y & =4 . £ m - o
i wd £ ) P 1Y € s ; b Ly s o~ 9 gt Py &, 5 § N3 w
2 o2 QO y g I = T S o SR v T B - T+ N R S v
- Bowmog  k 82 o B B G 2 3 B LA~ S A v 3 &
Eog oo o £ g 5 8 B %8 9g F g o= 8B &g gl
¢ o u = ©oon % I G S A eoowoo A .
R b E- T~ - B A B B B g &1 uga
I - B £y & T2 € 2 i o SO 3 2 w3 g R
L T~ N T T L owm owm et e I T ¥ s B e e f B
A ol & sy & - = s H il e ot 3 L @ o < e Ry o Pom e L
2 o F & [x¢ T o Ty el G 42 G @ Ld e - el ; o A
RS- S A word SO O+ S v T O B < = < I T S S ORI S R
G, b o | ) et i ‘ : - E oy i 3 A & i &
o n G L S B - B B TR I - B . o Lo W @
U vt I B o .a,.w @ & mww .. &3 m.; £ xR w qmw m =
& pe : BE 83 o DR £ R S5 Y £ g
a5 ¢ 8 & & & o @ Eo© oL o1 eNo
n o ] wl B W e oe N I B B
P B £ @ g o L & W, u
b £ [ by Ll i e By P i [T Y
& [ 3 Sy 2 St e K T2 Lo o3 2 b £
-1 NT mw AS ¢ o) .WJ. I S [0 o3 ﬂw W..W .ﬂwm ; LEARR N L)
7 e N ! ] s Y] v 7o £ L = B RS
€ ) w2 P " : 5 ! an s
4 Mmoo Q9 T3 o Sn o wooa @ o D A g 2 1 £
o2 o @ (2 I B O B+ I e 8 g "o g 1 geod
ot d o 4] £ w@ ol Mw w.h " =3 A 7l “ma mw .c.w lw.wm,, qm.. M
NS N s SR & oA T B = B RN R ST S O R O
P e = S~ < T~ @ & 2
o & O 23 m FOS /5 S = m . o mw © mu
& ‘ o ohi 3 3 @
oo vl L4 ol = 43 £ g 3 . ) s . e S D
2 .m @ @ IS B e T B I v TR R ~ S O e
SCI A~ = B 24 o O &L o« W €3 o]
6 “ %y g8 d B8 L g 81 TEgd
P Pt £ & -t 5 el -
g o & 5 B 8 <o B ot 26 noi o goo
ind ] L - s s o 4 ot a guf e A o Ex gy
[ [ ) 743 o o T gy { o = ] @ ] g
R o i} e 2 Lo b = fre i FEA i3 & .rm.«u @ ﬂﬁ n&
o S S o £ By D i w3 i o
59 SR = it ) SR> = 3 o, B hr
£ &4 @ = £ m _,.H.m wm. £ ey
3] £y va:w ] Mw:n o u.ﬂw & ¥ 2P b gl
o0 & 5o o S & 6 e
) o n R 3 ot on wgonm

ectly to the observed dama

-

hyrougt

icn may have beeon gens

ea creoatved by the whirl

-

¥y u

itats

L

o
o

v
a3

-
3

3

9

ey

¥
&

Q.

It i3 possible

In thege cages the spocimens
liguid by the hig

1iguid,

kN !
the
specimen, and may have contribut

i
in

%

- T
s 5T
-

30

-

1

¥,



o ? : 2o g ¥ TRE eam y .y o N % o
3 and & for instance. Migures 1 and 2 are phovomicrographs alb
: ~ o e 2B . el 2, - L gy s o el
the same magnification showing pliting on slimilar moterials cousod

2 - SR, 2.7 ) ER ¢ .
cavitation downshtrean of g wanturi throat . Wnile

X . oy s Qe K LN 2.4 - ray ey < SR Beot oy
Figures 3 and & are photomicropraphe at the ssme magnificadlon

&~

2 39 & 77 3o oo a0 g ¥ PR - R P W TP SR
showing pitting on similay meterlals cavsed by a water jet of avous
FLrld & g Lot oy Lo e ol psamy Jo S TR, g
2700 feet per second also from the present Investvigation. The

time of impingement on the particular portion of the surface shovn

WO L2 Sa-go m il )
15 about A  hours in the cavitation testz and about A geconds fow

the impinging water Jet.

3.0 Mabterinl Pemoval Mechandsmeo

Possible material r&aova& mechanisms whieh have been postue-

~ated by the invesitigabors concerned with the lmpactlng liquid

‘16 ??, 5855.

aroplets or seolld particles and which could well apply

alse o the sasvitation crater sres

£

£y 1 . .. 215850
i) Materlel "gplasht due to the inertia of the material,”™ * 7"

sg 1% ig displaced vapidly from the center of the crater inito the
gsurrounding ridge, exceeding the material sitrength, and thus allowing
material to tear free, Historlically, a very early plcture of a
vihenorenon of this type, known as “petalling®™, and cccouring whenh a

.
= . » = E . ., . . - - - ™ o sopdn &
solld shet is lmpacted on armor plate, is shoun by Worthington .

&

He pefers to the phencnenon ag "permancnd splash.
o Vi Lapry
2 * R % sy e K:’Q@;JQ""
11 s ?@? &1 Hyrasheo @s” due ie high fin 1a velocit 1@3?9‘
= I¥ the veloclty of a sclid particle is sufficiently high, th\

solid behaves ﬂsmemﬁialjy 58 a 11@&1& during the moment of imp
Ancther somewhat related example of solid material ligquilicatioe
is afforded by the rvetaining ﬁiapgragm In an armor~-pisrcing
"shapedwcharge®,



4 “Hen O
o w SR
.f,i,‘,?_. B S e

Fogy o 5
ﬂ’\‘.‘ i -"(-z

P
Vi PO

g >
o} oy ©in ey <
B

2

3

e
ke Yo

g
&

@
& 6

-
w4 Ed
K Wt o

G 3y

RRWAT

o
29

Yt



Fig, 4 Cavitation Damage, Materimsl: 1010 CS; Tarosl jelocity: 64,7
ft/sec; Duration of Cavitation: 22 hours l{upper photo ),

3 hours (lower photo); Mag.: 100X; Standard Cavitationg
Specimen MNummber 1-19,



K-

Fig. X3 Damage from Water Jet, Material: 303 S$S; Velocity: 2700
fpsy Duration of Impingement: 5 millisecs.; Mag.: 120X.

Big. ¥X Damage from Water Jet, Materisl: 1010 CS; Velocity: 2700
fps; Duration of Iwpingement; miliisecs.; Mag.: 120X
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fins, as would be expeset é$@ o substanitisl material  wag
repnoved by the sani-gtatie creatlion of guch piis,.

4 fursher ohservation nf sigrdlicance in the sase of
cavitasion craters is that permansnt raterial dilsplacements woers
chgerved at unexpectedly lavpe dlstances from the crater centars.
Measurable vertdceal displaccuenis exiended oul to approximately
1% to 18 radil from the cenber of the crater,

Horizontal displacements were also measured, but dn u
~y

conewhat less presise maoner . A plate of the

bk

etehed, and composlie phetoenlerographs of the reglion to he pitisd

wvere made before and after the imposltion of the hardnsgs indaning,
R, )

I% wag found posgsible in this monner to meagsurs the relative
arlozenent botweon identifiatlie polnits on individual graling

i SIS ) ] ¥, T ) . - E4 . S BN 2 - 2 B
vafore and after the creation of the piv, and

horigzontal Gistertions dus Lo the formation of the oly

apuls

“t ‘;KP . On . gy ¢
an a2 fonetion of ?OgAtiQ»o In this manner permansens horizonisl

Lo g
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Flgure }6f; Typical proficorder trace of an artificial pit. Vertical
scale: 100 microinches/division. Horizontal scale: 0,002"/
division. 3X. Notice how far the ridges extend away from
the pit crater, and the approximate BKmmetry of the ridges
about the crater. Taken from McHugh(1l),
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igure ¥ .6 Typical proficorder trace of a cavitation pit. Vertical
scales 25 microinches/division. Horizontal scales 0.001"/
division. #X. Note the smaller and non-symmetrical ridges
(largest ridge is on downstream side of pit) of this cavi-
tation pit as compared to the artificial pit illustrated in
Figure 6.5
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