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ABSTRACI  Existing bulk cavitation theory has been used to map the extent of the
cavitated region caused by an underwater explosion and to calculate the under-
pressure level of the surface reflected shock wave as modified Tty cav.tation. The
calculation of the cavitation boundaries has not been verified experiuertelly.

The calculated values of the underpressures compare well with experiuental values.
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This work was done as part of a study of the effects of underwater explosion
pressure waves on marine organisrs, It was funded by the Naval Ordnance Systems

Command urder Task Assignment ORD-0332-004/092-1/UF 554-201 (Environmental Effect
of Explosive Testing).

Subsequently. this work has been useful in achieving a better understanding in
the "anomalies" of the pressure wave shapes obtained on another project. It is
being presented as an NOL Technicel Report with the expectation that it may be
helpful to others vho are working in related fields.

Tre utnors are grateful to Miss E. A, Christian for many helpful discussinns and
suggestions.
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NOLTR T72-103

THE UNDERPRESSURE FIELD FROM EXPLOSIONS IN WATER
AS MODIFIED BY CAVITATION

1. INTRODUCTION

In connection with a current study of the effects of underwater explosion
pressure waves on marine orgenisms, it was desired to determine the effect of bulk
cavitation on the pressure field. In particular, since the negative-going,
surface~-reflected shock wave has been suggested as an important element in damage
production to some classes of fish, the prediction of these negative pressures was
undertaken. Existing cavitation theory has been used to map the cavitated region
for several geometries of interest. Negative pressure amplitudes beneath the
cavitated region have been calculated using two different approachs in addition to
that suggested by Arons, et al, (Ref 1); the results of the three approaches
are compared with some existing data.

2. CAVITATION THEORY

If cavitation is not considered, the amplitude of the surface reflected
shock wave 1s usually calculated by assuming a negative-going image source of
strength equal to ihe actual source. Since the occurence of cavitation markedly
reduces the strength of the reflected wave, non-cavitation predictions are unrealistic.

The history of cavitation theory shows no lack of effort, especially sirce
World war II. References 1 through 8 are only a few of the papers existing which
cover aspects of cavitation theories. In actualitg, the groundwork for ell these
theories was laid by Kennard in two papers in 1943 >3, Wrile there have been
refinements and additions to this work (especially as concerns the dynamics of the
cavitated region after initial formation, which is of little interest for the
applicotion of this report), the basic dssumptions bearing on the formation of the
cavitated region have remained unchanged (as well as untested by experiment).

The development presented beliow follows that of Arons, et al 1, This t-eatment was
chosen for its conceptual and computational simplicity.

Reference 1 makes three basic assumptions:

(a) "Cavitation begins when the pressure in the water drops to a fixed value,
Pc, the cavitation pressure. We will take Pc = O psi."

(b) '"The pressure at a poin*t on the front of the reflected wave can be
described as emanating from an image charge above the surface, having 1 variable
aprarent weight, Wi, so adjusted as to account for the pressure dimi.ution due to
cavitation."

fe) "Wi is a continuous non-increasing function of distance along a ray away
from the imege charge, being equal to the true charge weight, W, before any
caviteacion tekes place, decreasing monotonically in regions of cavitatior, and
rewairing constant in regions of no cavitation.”




NOLTR T2-103

The total pressure in the water, before cavitation has occurred, is given by
the sum of the direct, surface-reflected, and hydrostatic pressures. Assuming for
calculational convenience that the shock wave is an instantaneous rise to a peak
pressure, fclloved bv an exponential decay of time constant 6, the pressure at a
point in the water at the time of arrival of the surface reflection is:

pet/®ip 4+p, (1)
(o] r VA

where Po is the shock wave peak pressure, t is the time delay betwveen the direct
and surface-reflected arrivals, Pr is the surface-reflected pesk pressure, and Pz

is the hywcrostatic pressure. Actually the relationship for pressure as a function
of time in thc shock wave is only gocd until the time is about one 6; at later
times the press.re may be well above the calculated value. For calculating
pressures in the mmediate vicinity of the cavitation region it is probably quite
adequate. According to assumption (&) we have:

P04 p 4P =0 (2)
o] r Z

The coordinete system to be used in the following calculation is shown in Figure 1.

Assuming that the shock wave peak pressure may be calculated from a
similitude equation of the form:

1.13
/3
P=K @i%;—) R (3)
we have
wl/3 1.13
PO = K (-—R—— and ()
1
1/3 1013
P =K <w;2 ) (5)

where K 1s an empirical constant depending on the explosive composition, R, is the
slant range from charge to gage, and R2 is the slant range from image to gage. In

addition, the hydrostatic pressure, Pz, may be assumed given by:

Pz = Pa + H (R, cos a - 4d), (6)

1
where Pa is the atmospheric pressure, d is the charge depth, H is @ constant, and

a is the angle between the line from imsge o gage and a vertical line through
image and charge.

S
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Combining equations 2, 4, 5, and 6, we have:

. - e lcl
173 1.13 -t/ 113 3
K (=) - K ) +P +H(R,cosa=-d)=0 (1)
Rl R2 a 2
Solving for the variable image weight, 3.00
321'13 273 1.13 ~t/o] 1.13
= A a————— + - ————
LA = P +H (R2 cos o - d) + K ( = ) e (8)
The arrival difference, t, is given by:
R, ~ R
1 2
t = ==, (9)
where C is the velocity of sound in water. The cavitation region may now be
mapped using assumptions (b) and (c). At a fixed a, allowing R2 to vary, the
upper surface of ithe cavitated region is found by seiting:
wi =W (10)
The bottom of the cavitated region 1s found when
dwi

Following rays from the image charge of different angles o, the entire cavitation
zone may be mapped out. To calculate the negative underpressure at points below
the cavitated region using the approach suggested by Arons, et al, the image weight
corresponding to equacvicn 11 is used, and spherical spreading is utilized to
extrapolate from the underpressure at the bottom of the caviteted zone to the
desired point in the water.

One modified approach, Gaspin-Price plane wave, assumes that the amplitude of
the negative wave is determined nt the bottom of the cavitation zone ir the manner
outlined above. The wave then continues to vropagate radially from the image
source but as a plane wave with its origin the bottom surface of the cavitated
region., It is obvicus that this is not completely realistic, but it seems to be
closer to reality than assuming a point source with spherical spreading.
Specifically, it should be better at positions beneath the central portion of the
cavitated region (such as f in Figure 2(a)). The assumption of plene wave
prcpagation probably becomes less valid when tne radial line from the imayge source
passes through the extremities of the cavitation region (as at g in Figure 2(a)).

The duration of the negative phase is determined by the time that the
cavitation remains open, i.e., until cavitation closure occurs along the ray
connecting the image to ~he gage.

£
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There are undoubtedly limits to the regions below, and just out-from-under,
the cavitation zone in which the modified approach may he used. The limitatiouns
have to be set vy appropriate analytical and experimental methods.

Another approach, the hydrostatic origin approximation, assumes that the
calculated negative pressure at the bottom of the cavitation region directly above
the point of interest (a gage for example) is propagated downward as a plane wave.
Essentially the pressure due to water and atmosphere above the cavitation region
is removed from the water column below the cavitation. The pressure is removed
until the loading pressures and cavitation closure restore conditions to a more
nearly normal state. The long duration and even pressure in the early parts of
the negative phase sre thus explained.

This approximation must break down at great depths and at positions
horizontally beyond the cavitated region.

3. MODIFICATION OF THF SURFACE REFLECTED WAVE FORM BY CAVITATION

Figure 2 illustrates the manner in which the wave form of the surface
reflected shock wave is modified by cavitation. The five pressure-time curves are
lettered to correspond to the five successively deeper points indicated in the
sketch, At point "a", the surface reflection does not lower the pressure as far
as absolute zero, and no cavitation occurs. At this point, the surface reflected
pressures may be reasonably calculated assuming an image source of equal strength
to the actual source, and a negative exponential wave form. At point "b", on the
upper edge of the cavitated zone, the reflected pressure is just sufficient to
lower the total pressure to absolute zero and cavitation occurs. After the
pressure reaches zero, it stays relatively stable at that level and eventually
merges intc succeeding events (closure ). At points "¢" and "d", within and
on the lower boundary of the region, the reflected wave form shows a sharp
negative spike below absolute zero. This net tension results from the finite time
necessary for the water to cavitate. On many recordings, this spike is not
apparent due to inadeguate frequency response. Following this spike, the pressure
returns to & more or less stable "plateau" pressure of absolute zero. As the
wave propagatez to point "e", the wave form retains the general features which

characterized "c" and "d", but the reflected pressure is no lcnger adequate to
produce cavitation.

The underpressure at points b, c, and d may easily be calculated. The total
pressure at these points reaches absolute zers, so the underpressure, is just
equal to the hydrostatic pressure at these depths. At point "e", the pressure
may be calculated either using the image weight obtaining at point "d", and
allowing for diminution of the underpressure due to spherical spreading between
points "d" and "e", or by calculating the underpressure at "d" and assuming
that this underpressure propagates as in plane wave to "e." We have not found
data tc check conditions at a point such as "e" which is not under the cavitated
region.

4. RESULTS

Computer programs have been written to calculate the negative pressure below
the cavitated regicn and the boundary of the region; they are listed in the
appeniices. ‘They are written in BASIC and rave been run on the CDC 6400 computer.

v i ikt
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The cavitated region has been mapped for several conditions of interest, as
smown in Figres 3 through 6. As mentioned above, this calculation is essentially
wnchecked by experiment. The experiment described in reference 6 roughly
coxfirzed the calcwlation of the upper boundary of the cavitated region, but to
the zuthors kmowledge, the calculation of the lower boundary has never been
expericentally verified. UHNo data is presently available to make a direct
verification.

ta is available, however, to compare with calculations of the magnitude of
the underpvressure below the cavitated region. Computer programs were written to
zake this calculation, and several samples of aveilable data were analyzed to
@etermine the negative "plateau"” underpressure. These megsurements are of a
rziner crude nature, since the instrumentation was set up to record the much
higher armplitude of the direct shock wave, and the negative pressures are a small
fraction of the full scale reading. They do, however, give some indication that
the calculations of underpressures are valid, particularly if plane wave
propagation is assumed, and thus provide an indirect verification of the
calculaticn of tle lower cavitation boundary. Table I and Figures 7 through 10
present this comparison. Also indicated in Table I are the corresponding under-
pressure as calculated by assuming an image source of strength equal to the
actuel charge (no provision being made for cavitation). It is clear that the
cavitation calcula.ions give a much more accurate representation of the measured
pressures. Sir-e data from charges of 0.49 and 4 x 10 pounds are reasonably well
predicted, ti present calculation is considered adequate for purposes of
experimental design. A more extensive comparison would be desirable, however.
The fact that these pressures are reasonably well modeled, and that the position
of the lower boundary influences thiese pressures, indicates, albeit inuirectly,
that thrre probably is some validity to the lower boundary calculation.

5. COKRCLUSION

Existing bulk cavitation *heory may be used to predict the extent of the
cavitated region raused by underwater explosions and also the negative piressure
amplitudes below the cavitated region. While the calculation of the extent of the
region is largely untested by experiment, preliminary comparisons with data
indicate that these calculations of the underpressure amplitudes are a considerable
improvement over calculations made without considering cavitation.
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APPENDIX A

COMPUTER PROGRAMS FOR CALCULATTNG. BOUNDARY OF CAVITATED REGION

00106 REM READ X, ALPHA F3K PRESSURE
00110 READ K, A2

00120 RFM READ X» ALPHA FA2R THETA
00130 RFAD A3,A4

00140 RFM ARONS METHAD FAKk CAVITATION
00150 REM W=CHG WT, LBS.

00160 RFM D=CHG DEPTHs FT.

00170 RFM R8=H3IRIZONTAL RANGE INCREMENT
00180 REM R9=MAX HIRIZAINTAL RANGKE
00190 ReAD W, Ds R8s R9

00200 LFT Pl=14.7

00210 LET H=.45

00220 LET C=5000

00230 PRINT"W="W, "DLPTH="D

00240 PRINT

00250 RFEM PRINTAUT IS HAR. KANGFE AND DEPTH 9F CAV START AND ST3AP
00260 REM ALING A RAY FR3IM IMACGE, AND MIN. 2F IMAGE WEIGHT

00270 PRINT"R START"» "Z START'">'"R ST2P','Z STIP"s "IMAGE WT"
00280 PRINT

00290 W2=Wr A2/ 3)

00300 H1=-RH

00310 1=0

00320 H1=H1+R8

00330 A=prTN(HI/ D)

00340 IF H1>F9 THEN 01070

00350 LET RI1=D/CASCA)

00360 REM FIND W(IMAGF) =W

00370 LFT I=1+1

003%C GASI'B 00680

00390 RFVM X=W(IMAGF)

00400 LFT F=X-W2

00410 IF ABS(F)<1IF-6 TH=N 00480
00420 IF I>50 THFN 00460

00430 G2SHRB 00730

00440 LFT RI=RI-(F/X1)

00450 G2 T4 00370

00460 PRINT"N® CINVFRGENCE 9N CAV START"
00470 G3 T@ 01070

00430 LFT C1=RI*xCAS(AY-D

00490 LFT G23KI1«SIN(A)

00500 KFM FIND MIN JF W(IMAGE)

C0510 LET I=0

00520 LFT I=1+1

00530 ¢3St 00780

00540 1F ABS(X1)<1F-5 THEN 00610

00550 IF 1>50 THFN 00590

00540 GISI'R 00860 /?

A-1
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NOLTR T2~103
APPENDIX A (continued)

00570 LET R1=R1-(X1/X2)
00580 G2 T2 00520
00590 PRINT"N@ C3NV 3N CAV STaP"
00600 G3 T3 L1070
00610 LFT @3=R1*CASCAY-D
00620 LET @4a=R1*SINCA)
006 30 Q5=Xt(¢ 3/A2)
006 40 PRINT 02,01, 04, 63, 05
00550 PRINT
00660 G2 T3 00310
00670 RFM CALCULATE W(IMAGE)
00680 LFT R2=FNVA(RD)
00690 LFT B=FNR(R2)
00700 LFT T=C(R1-R2)/C
00710 LFT G1=-T/B
00720 LFT G2=FXP(CD)
00730 CG3=C2kK%xW2/ ( R2t AD)
00740 LET GazHx(R1*CASCA)-D)
00750 X=C(RI1tAI*(P1+G4+G3) /K
00760 RETURY
00770 REM CALCULATE DEKIV OF W(IMAGE) e+ X1
00780 GASUR 00630 :
00790 LFT DI=FVCC(KD
00800 LFT DP=FND(R1)
00810 L1=C(R2/B)*D1)+A2xD2
00820 LFT L2=L1%xG3/R2
00830 X1=((RY tA2Y /X)) x(HkCAS(RA)Y-L2)+( AKX/ R])
008 40 RFTURN
00850 RFEM CALCYLATF2NDs DREKIV AF W(IMAGE) s+ X2
00860 Daz FNF(R1)
00870 LET D3=-D&/C
008R0 M1z-(R1t A2) kW2x G2/ (K2t (1+A2))
00B90 M2=(R2%¥D3/BY+((D1*D2)/B)+A2%D4
00900 M3 =(F2%xD1/RB)+ ALK D2
00910 Ma=((R2kDI/RI+CCA2+ 1) ¥D2))/R2
00920 V5= A2%R1t (A2= 1) x(H*xCASC A= ( 63/ R2) %1 3) /K
00930 LET ME=(RI14X1-X)/ (K1t 2)
009 40 MA =M 642
00950 LFT X2=M1%(M2-(M3xM4) ) +U5+1&
00960 Rk TURN
00970 RFY “\NA=R?
00980 DFF FNAC(R1)=SOR(RIt 2+ 4kDt 2- 4k DxKk1%C3 SCA))
00990 REM FNR=THR TA
01000 DFF FNR(R)=A3x1E-3xW24(W2/R)t A4
01010 REM FNS C,DsE ARF INTFRYFDIATFE CALCS
01020 DFF FNCCKI)=C1-({RI1-2k¥D*CIS(AY)I/R2))/C
01030 UFF FYD(R1)=({R1-24DxCISC(A))/R2
0104C DFF FNFC(R1)=2{kP=-Cki=2%xD*xCASCA)I*D2) /RO 2
01C50 DATA 208005 is 135« 0bs =0 18
0104C DATA 4COCO, 200, 50, 110C
o
01070 END 2 D
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APPENDIX B

éO!OC’ 5FV GASPIN-PFICS PLANF YWAVE FiFIPAGATIN

col1ie

- £0120
060130

| . 00140
| ce1s0
| CG160
0c170

GO130

T eo19C
G6e2Ge

ce210

c0220

00230

c0240

60250

CO24A0

c0270

00230

00290

06306

. 00310
6320

00330

00340

60350

CONRD

66370

0033C

c6GRI0

0Q 400

| 00s10
( © 06420
0430

00440

00450

\ 004A0
00470

00450

COu9C

00500

G0510

00520

00530

005 40

. 60550
00S£0

a0sS70

GOSKG

PE4 ALINE RAYS FRAYM IMAGF SIURCF.
PEM EFAD X, ALFHA FIRK PRESSURF

FFY MSF CWSTAVTS T3 IPTo8IV PRESSURE IN
FELD K, £2

FF4 RFLD K, ALFHA FIE THETA

COMPUTER PROGRAM: ?‘DR CALCULATINC UNDER PRESSURE BELOW CAVITATED REGION

PSI.

EEM NSF CINSTAITS T3 IPTLIN TIME CINSTANT IN MILLISFCINDS.

EFAD A3, 24

REM PRACGFAM  CELCILATFS INDFRPRFSSURF FIK GAGE LICATION

#FY LCLAY CAVITATED ZNFE
EFEvM APINS METHAD FAF CAVITATIN
EFM  ¥=CHCG YT,LBS.

FF4 D=CHE DFPTHs FT.e

REY HP=DFSIEFD GAGF HIRIZ RANGF
EEY4  09=DFSIRED GAGF DRFTH,FT.
BFAD ¥, D

FRINT ="k, “"DFFTH=""D

BFED HO» DY

LFT Pl=14.7

LET H=. 45

LFT C=5000
FrINT

y o=t AP/ 3)
£=pTUCHZ2/ {D+ DY)
LET ®1=D/CAS{A)
1=0

LFT 1=1+1

G1S!IR 00350

LFT F=X-u2

IF AKSCFY<1F-6 THFN 00430

IF [>50 THEN 00440

¢ISHP 009 40

L=T kl=k1={F/XD)

GY T* 00340

PRINTNA CINVERGFNCF AN CAV START"

G1 T3 09000

PRINT "CAGF APAVF CAVITATFD KFEIAN'3 G
GY T3 00500

LFT Ql=RI¥CIS(A)-D

iF N9<G1 THRN 00460

LFT 02=P1xSINCA)

LFT 1=0

LFT I=1+1

@ISR 009 40

{F APFS(X1)<1F=-64 THEN 00630

IF 1550 THFN 00590

gas1e N1010

LFT RIZK1=-(X1/X9)

7 T1 00520 2/

B-1
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APPENDIX B (continued)

00590 FRINT'NT CINV 2N CAV STIP*

00600 G2 T3 09000

00610 PRINT "GAGF IN IR ARIVF CAVITATED RECLIN": ¢3
C0A20 G7 TA 00650

0063C LET @3=KFI1%CISCAY-D

00A40 IF D9<G3 THEN 00610

CO&S0 LFET QC&a=RILSINIA)

COGA0 CS=Xt{3742)

00670 PRINT “IMAGR (CHAKCS WRFIGHT"CS

00A30 RFYM CALCULATF FTN[W RPRT 8SHKE

00A90 K3z ki

00700 Y 1=K%X/¢R1t £2)
00710 vw7=Dn=-63
00720 R4=Cs

00730 T={R1-F&/C
00740 vM8=-T/FNR(R4&)
00750 M9=FXE{M3)
007A0 F=MI<xbL O/ Rat £2)
00770 P9=P-Y 1

COT30 15% CALCHLATF INDFEFLFESUIKFE WITHIUT CAVITATIIN
00790 Y2=K«W2/{ 3t AD)

00300 Px=p=-Y2 . -

COUS 10 FRINT'"D GAGR="[9, " CAGF=YHP, "P NFC="FY, "PYFE NICAV= "]
00320 FrINT" PCTY="ES T/ THF TA= "'

003 3C PFINT

COX 4G GY TY 00270

0GRS0 LFT rosFNALFD)

0036C LFT v=Fye{F?)

0037C LFT T={rl1=-r)/C

CO346 LFT Gi==-TYR

00890 LT GP=CAFICT)

00900 G3=CGPx< K2/ {10t AR)

00910 LFT Gaz"k{RHIx(CIS8CH) =)

00920 X=CK1tA2) k{F1+C 4+ G3) /< -

G09 30 KFTURY

009 40 GISIE3 0NS5(0

00980 LFT RISFNGLRD)

00940 LET D23FNN i)

00970 LI=C{RR/ZM) KD +A2RND

00930 LFT L23L1%E3/k2

00990 K1={LlRITARI ZK) % {4k (CIS(AY-L2)+(ACKX/ K1)

01000 RFF TRV

G101C Néa=FNF{K1)

01020 L®T N3==-D&/C

0102C Ml==(R1tAD) kW22 / (FPL{ 1+4£P))

01020 M2z (F2<DA/RI+{LDIxD2)/RI+A2<D4

01080 43 ={KkP4D1/S)+BPEDP

01060 VA= {(R2KDI/RI+{{A2+ 1) RD2)I/RD

CICT7C vS=624P 12 {L2- 1) MAKCISIAI-( G/ k2 %M ]3) /K

22
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APPENDIX B (continued)

01040 LET Ma=CRIxX1=-X)7{F112)

C1090 M4 =V6xp?

01100 LET X2=M1<{V2=-{M3¥14))+15+1é

01116 RETU=N

01120 DFF FNACR1) =SCURCP1T 2+ 4x Dt 2= £ DRI 0 SCAY)
0113C DEF FNR{RI=A3K1F=3kW2x(LO/F) T A4

01140 DEF FNCG(P1I=(1={{R1=-25[4CIKLMI/FRII/C
01150 DFF FNDERD) ={R1=2¥NECALLLII/ K2

01160 DFF FNF(F1I=(ER=-(#1-2%xDeC1S{A)I£DR) /R21 2
01170 ®EY READ CINSTANTS: <5 A2 83, A4

01130 NATS 200505 160954 075-014

01190 BFM kF&D CHAKGF WFIEHT, CHARCGS DRFTH.

01200 DATA 4000Gs 2C0

01210 KFM KFAL GAGF KANGFS, GAFF DEPTHS (IN SFTS)3
G1920 TATE 407,270
09 QC0o ®MN

EXAMPLE OF OUTPUT:

{IvP IR 140840196 Nar20/ 4?2

W= L0600 DEETY= 260

[1ACS (HARRT LRIEHT 1107968
noELaET= 290 4 GACF= 407 P T (Gz-A409939 FNTE VICAUS- 13A3. 31
FCT)= 6.28313 T/ 147 TA==5.7737%

ENP AR DaTe AT P70
145 4,23 KBASTC FXTCNTIAN THIE

GHU 821+ T
kRERADY o

A3

B-3
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