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Thill r,..port is the third submittal of aln overall study

ccncerfnin;! the generation and propagation of surface water

w-ries produced by explosions, conducted for the Office of

laval Pesearch underContract Nlo. flonr 3678(00).

The overall study basically is composed of two parts; one

part involves analysis of available measurement data, and

the second part with development of theory. This progress

report is concerned with the forner and, for the most part,

utilizes.wave data from small explosions conducted at

[ Waterways Experiment Station, Vicksburg7, Mississippi.
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AHISTPACT

Th !gport J3soncce rnod--wi th. e-an.4ya-•-of experimental

Wave data obtained from smal] scale underwater explosions4

h consideration was

made of all known and availdble data including those of

Project SUAL and others. It was concluded that the only

Savailable small-scale field data of sufficient reliability

for use in a detailed analysis are those obtained by Water-

Si-ways Experiment Station scientists in their past and current

test series. Accordingly, certain sets of WE#S • dat•a:mRde

M r U tave been analyz-ed in detail with the major

objectives being the investigation of scaling laws and

empirical wave height prediction formulae.

Huch of this report is concerned with an analysis of fourteen

wave records obtained from a series of one-half, two, and ten

pound explosions in the W.E.S. basin. An empirical formula

is derived for predicting the maximum wave height, Hmax* at

a distance, r, from the source, resulting from an explosion

of weight, W, at an explosion depth, z, and assuming water

of constant depth. The relationship between It and wavelength,

A, of the maximum wave is derived along with X as a function

of explosion depth, z. The wave number, oa of the maximum

iw L wave is obtained as a function of z and of W, while the energy
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parameter (-r-) is shown as a function of z. where R is

the dimensionless distance from the source. In addition,

[ graphs of H x versus r are drawn and the rate of decay of

wave height with r found for each value of W.

r It is hoped that this work can be extended to take in data

from current W.E.S. field tests involving 125 and 385 pound

[ charges, along with data from the lOO00 pound tests of

Project HYDRA. The equations, when completed, will be

V tested with available applicable nuclear test data.
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WATEP? WAVK:S PIRODI)UE BY IMPUS IV7E
ENEI}RGY SO011 4.L.

PART 3: VATA ANAIYS[S AND SCALING PCLATIOf;S

I o IIITRODUCTION

The matter of scaling surface wave characteristics caused by

small explosions to those resulting from large explosions

has been investigated both theoretically and empirically by

many investigators with varied degrees of success and accord.

Clearly. a highly usable scaling law could be formulated

easily if there existed relevant phenomenological data cover-

ing a wide range of environments and yields. Unfortunately

this is not the case. Either the well-documented model or

field tests are of small yield or the large yield tests lack

control and are not generally well documented. One procedure

F has been to derive a semi-theoretical scaling relationship

for nr versus W based on a limited knowledge of the physics

of wave generation, and to attempt fitting available experi-

mental or prototype nuclear data thereto. As might be expected,

this approach has not been a resounding success.

Initially, when the data analysis was commenced under Contract

Honr 3678(00), the objective was to integrate all available

" data into a consistent picture, if possible. To this end,
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Sdataj frorn nunerotis invest iat fonsra nle in the United ';tatess,

Britain, Nlew Zealand ,and dJf p,Ju were carefully exmnlnoed in

context with the constraints of physics and linear wave

theory. After careful evaluation, it was concluded that a

-majority of the data could not be fruitfully used alonp theIL intended lines because of lzck of knowledge on generating

and environmental control.

Accordingly, it was decided to select" those field experi-

ments which were conducted with reasonable control, to

analyze such data in detail for prediction relationships,

and to test such formulae against certain pertinent tests

of other series. It was decided to select certain of the

test data obtained by Waterways Experiment Station scientists

in their 1961-62 field program for this detailed analysis;

the results of which-are presented in the following pages.

It- is recognized that the W.E.S. data constitute an extremely

small range of W; however, it is planned that results of

further larger tests, which are expected to be available at

a later date, will be incorporated in the analysis for both

improvement and testing purposes.

ii
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The anailysis pra!;untod in thia report consiiutz of thran parts:

A. review of %t:cIsnp, Concepts,

. .B. Analysis of WIave Fecords, and

C. fCevelopment of LF.pirical Wave Jfeight Predletion

ror-nulae.

A. Feview of ScalinL, Concepts.

Nlumerous investirators have looked at the problem of

scaling underwater explosion characteristics over a wide

range of charge weights extending from ounces to meg~atons.

There is, of course, no question that such knowledge

would be valuable; however, because of the lack of

precise physical theory and reliable data in the high

yield range, it is difficult to attach any degree of

confidence to derived laws.

Bascially, a scaling analysis consists of determining

I whether or not similitude can he obtained in a model

test, and if so, then finding the scale factors. The

basic similitude requirements to be satisfied in.such an

'F analysis are Riven in Table I.

tt!



1 AN Al.AI..I (c St'I) Papa 10

TAIBIX I: PI•.:c Siirilittide Pei'sfir-mentt,;

1) Ce',,omoetric I ; litulse Lerth cile l'.ictnr

2) Kinemstic Sinilitudea Velocity Scale rartor 4=A/I

Acceleration Scale ractor U=A/r2

3) Dynamic im i;nilituch. Pressure Scale raceor :--* 2

* Energy Scale factor r.wx 3

T is the Time Scale r'actor

L The list of similitude requirements pjiven in Table I is

* ' not complete. Further requirements depend on material

(in this case water) constants, of which the density, 01

V is the only one listed so far& Other material constants

that may affect the explosion p,,ocess are viscoity,

conpressibility, surface tension, vapor pressure, and

1 gravity. The influence of these material constants on

the scaline picture results in certain characteristic

IF dimensionless numbers that must have the same value in

both mooel and prototype. These characteristic numbers

are listed in Table II. (The subscript, m, in the table

refers to the model test.)

I1(3

'17 .
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SA. PFeviw of 1;clii oncpt; (cont1)

TAHLE It: Additi6nal Similitude Peuirenents

%-CM
1) Compressibility Effect flach No. * *-zc.-.

2) (;ravitational tffecet rroudo No. : ___

PTT[i or o
2V

3) Condansation Effect Thomas No. =zvpor
ia po vapor

vvapor
•-:) Surface Tension Effect Weber 11o. M NA 0

00

5) Viscosity Effect Peynolds No. iV2 -- "..

B In the above table the notationn are:

c a scale factor for velocity of sound,

lg l scale factor for ravilty,

, ap Iscale factor for vapor pressure,

0 a scale factor for surface tension,

V a scale factor for viscoity,

L a length,

U! T a times
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A. Paview of, Scaslini; roncapt,ý (:ont 'd)

V z pressurep

V •velocity.

In field tests, the quantities c, ps 1vapor' •, and v

* are all unity since both model and prototype have the

same environment. With the five scale factors being

unity, the similitude requirements given in TablP I1

clearly are not compatible and, hence, exact scaling in

L impossible. Consequently, in scaling field tests, one

must depend on either a theoretical solution, or an

empirical solution derived from extensive small scale

F. tests, unless it is known that some method of approximate

scaling will give reasonable results. (Herein it is -:

proposed to revert to an empirical solution using data

from small scale tests conducted at Waterways Experiment

Station, Vicksburg, Hississippi.)

If there is to be a method of exact scaling, one must

[1. turn to small model tests in a tank where the environment

"[ can be completely controlled. If one utilizes a high

gravity tank and special liquids, it might be possible

to obtain an exact scaling situation. It must be realized,

also, that there is a basic difference between il.r. and

nuclear explosion&, since the bubble constituents are

radically different. How much, and in what manner, this

will effect wave generation% is not known at this time.
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A, Prviaw off .S-ling oncoptt (:orit'd)

I, a p•ruB'JItlro

V = velocity.

In field tests, the quantities c, pt 1)vapor' 0. and v

are all unity since both model and prototype have the

same environment. With the five scale factors being

unity, the similitude requirements given in Table II

clearly are not compatible anti, hence, exact scaling is

impossible. Consequently, in scaling field tests, one

must depend on either a theoretical solution, or an

empirical solution derived from extensive small scale

17 tests, unless it is known that some method of approximate

scaling will give reasonable results, (Herein it is

proposed to revert to an empirical solution using data

from small scale tests conducted at Waterways Experiment

Station, Vicksburg, ?Iississippi.)L.
If there is to be a method of exact scaling, one must

turn to small model tests in a tank where the environment

can be completely controlled. If one utilizes a high

gravity tank and special liquids, it might be possible

to obtain an exact scaling situation. It must be realized,

also, that there is a basic difference between 1I1E. arrd

nuclear explosions, since the bubble constituents are

V radically different. How much, and in what manner, this

will effect wave generation, is not known at this times
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A. Peview of SIc.i I I• . Conceptnl (cori t' it)

With respect to .cllinf' of Watve chi racterir!,A i

W. G.. Penney do:' ivvd laws uu ini the flindomuenta I nolu-

,tion of the w.w: equation for, cylindricall,/ expandinV

I infin•tesimal gravity wave-,) in water of unifnrm depth d.

ror the condition of an initial surratce elevation,

S[ lPenney obtaint; the following relationship fc,r surface

elevation, •,

J, cos 0 t Jo(kr)kdlk 0: f: Jo(k a)ada

where k is the wave number, t is time, and a gk tanh kd.

Similarly, corresponding to aA initial surfface impulse,

Penney obtained,

S,= -• J sin a t JO(kr)kclk r(o).. Jo(k0td,

A review of Pt ney's scaling analysis follows.

Case I. Initial Surface Impulse

Compare wavo systums from charre weights 1[ an' W2

detonated at heights L2 and Ll above the water. Let the

"st:.ain| factor be

1/3
n 

-1-

' !



lI , fPA +' + 'drr+ H

A. PCvi,,; of . in; (!onc. pts (v+n t 'I()

Th? sca I nr I ,'.i for thon turns out t ('j Le:

i (I) 42(nx, tVri,) CI V4 l'(xjt) .

That is, impulsively generaited wave heijghts at correspond-

ing distandTces; vary, Aly in the sixth rootr -,F -be charpe

ratio.

L Case II. Initial Crater and Domer

[I As before let n (W2 /W 1 )I 3

One must first solve the equation

h2 (h + )
(2) h 1

3 (h + Z)

for , where Z is the atmospheric head.hl

I Assume the solution is L2 m; then thescaling law for

It. is

: /(3) C•2(,nx, t V*-) -"m rl(X,t) ..

SIf a snail model experiment is compated with a very

large full scale trial, then one may assume hI is

[ n~eplipible compared with Z, and thait Z is neli.ible
Somi.ip, re(d to h2. Then,
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A. IP vioJw of S;cI].np, Coricupt:' ( rtt'dl )

(if) In n (//h

SThe hei•lhtn to be expected fro, la'pu explosions, there-

fore scale up f.romT those of a ,livyn urnfll3 explosion as

the fourth root of the charge 'aiLtO, the corresponding

distances and depths being in the same ratio.

The results to be expected from two small scale experi-

iment-; may be approximated by assuminlg that hl and h 2 are

both negligible compared with Z. Then

m n
151m = n

and the wave heights, distances, and depth scale accord-

ing to th6 linear dimensions of the charges.

: L Wave scaling concepts of value also have been presented

by II. Kranzer. Kranzer uses the same basic Cauchy-

Poisson theory like Penney did, only modified for finite

Swater depths. In this analysis, Kranzer gives solutinrs
L

for the wave amplitude, n, for high air, surface, and

" underwater bursts in water of constant depth. These solu-

r tions will provide scaling relationships for the maximum

1 wave in each case. The impulse functions used consider

[vertical forces only. Under some conditions, the horizontal

SECRET
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1[.1. ANA l•,L71 P•; V • il ge

A. PuVi4ew of ScllInj Concepts (cont'd)

Impulse" should be considered, but is ) robi bIyneap, Iibea

if the air hýurst is high enotigh. ror surface bursts,

likely the horizontal impulse can be compensated for by

altering the vertical impulse to give a sgtisfactory

solution.

ror an impulsively generated wave from, nay, a surface

burst or an air burst, the wave amplitude given by

Kranzer is

(6) r(r,t) 1 I |l$ atanh
r 0) h

7'A

where a is the positive root of the equation

""A (7) + 2 for r•_1 /2 tr2 a'2 (cosh o)3 Vg - t

In equations (6) and (7),

zero-order lHankel transform of the initial impulse

distribution,

r = radial distance from ground zero, and

R effective radius of the impulse.

L
S~SECRET
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A. P.oviow of Sca~l {.nl', (Con ti| ',,, (en•trl)

If I(r) 1o for r I' ind 1 (r,) X o for r' P,

Krinzer show,; the ', i,'itri . impinit!d,'. for th[: impulsively

t: nera ted wave to be

- o.,o ryT
(8) nmax(r) for P<ch

F and

) max(r) 0.68 for R-h

The simplest case is that of a surface explosion in water

of infinite depth (P<<h).

If Y is the yield of the air burst, the impulse I(r),

-.which is essentially a product of-overpressure and

duration, scales as Y1/3 at a radial distance also

I 1/3scaled as Y . Therefore, at a fixed distance r from

ground zero ~chave

"" 1101 Timex1(r) y/3 l/6 1/

ror water of finite depth, the same Y scaling is

valid provided Rtch. On the other hand if R•>hj then

)(r) Y1 / 3 Y1 /3  Y 21 3.

SECRET
ii+

ft



SEC[RET.
[[. / A.Y2.I'2' I,'.,,' 12

A. I evie I I !•,,r in' (IrI t. (cIctr't'd)

Yor, on mI d rwdA. tvr I,111.rnI Kti,onzer' ,ive. ,a ra I ifn. re.,ati.rl-

nliip ,i*I-i r.,rl*. that e:ich exploo ion taikct r1.iIec it it!-

optimum (,Ir z' J,, r critiril. depth. Th(. !moluition for

undlerwatert•:' mAmUntvt ; that the i',!vU rore displp]e-

* j icmant j•,mivr'',1t(-d , aind is

(12) n(r,t) Zvf -0. !0).r'h h

where i.; the zer'o-order laOnel tvmnsform of E(r), the

"displactement of the water surface at time t=o. Again

as7u ing that N(r) E. for r<P and 1:(r) o for rl',

"we ottain

(13) ninax(r) =.0.82 f f -r 1P< ,

d nd

I2
" (14) n (r) 0.32 for Rh

for R1X h .~

[ £Essentially, the latter equdtion need never be considered,

since if PFh, any underwater explosion essentially

L becomes a surface explosion an! can be treated as such.

SECRET
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A. P'eview of Zc.1 1 TP. Concepts, (cr,1 t o

Therufore, for '<<h un(derwdater explo!iJons of different

yield!;, each detonated at their respective optimunm

d cepthl.., .cale ast

1(15) ( r) y
14i Ml ,axC " y 3

isa

F 1/3
L since I:o and P both scale as y

Several other authors have written papers on scaling,

but for the most part they are along the same lines as

the work of Penney and Kranzer. Other articles have

! I ~shown* that no exact scaling laws'existed for field tests, 4
and have stated that one will have to be content with

some kind of approximate scaling.

In view of the above, it is ,.een that w1-4 U1 1 2 , ,nd

iF scaling has been proposed fcr impulsively-generated wave
systems, while WU11 and W2 1 3 scaling has been proposed for

underwiter-explosions or displacement-penerated wave

system., Also one fact is important, there are no wave

scaling relationships for detonations at depths other than

the optimunur or lower critical depth, unless P)-h.

SECRET
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A e A!Iew .f ; ' ,cli ng Conc:pt,; (trnnt'r)

Tlie inmmoiLatc cofctlu!30on to bu reached it, view or thesif

Svarious .,caling r1lationn,!hip~s in thit without extenalva

tdte tntin, one theory is ias g'ood (or bad) at; tho othor,

It appears therefor(!, tht an empirical solution derived

from analysis of well controlled umall tvats might be

very valuable in determining w hich, if any, scaling

relationship is nost clo,;ely illied: to the actual

I phenomena.

D(A

[
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B. Analysis of Wave Records

The objective of this analysis is to study the nature

of the wave characteristics in wave trains resulting

from the underwater explosion tests conducted at Water-

ways Lxperiment Station. In this preliminary analysis

of W.E.S. data, fourteen wave records were used cover-

ing charge weights of 1/2 lb., 2 lbs., and 10 lbs. Shot

geometry for these records is shown in Table III (page

[ 38). In these tests, the first few wave gauges seemed

to be too near the source and were measuring breaking

Swaves; therefore, only records from the four gauges most

distant from the source were used on the 1/2 lb. and

10 lb. shots, and records from the last five gauges on

the 2 lb. shots.

E These small explosions were conducted in a basin of

L •constant depth. The pertinent variables can be expressed

in terms of the depth, h, as:

[R =rh,

T t r /h i,

a kh a 2,h/h,

A 2w/T 22w/Tg/h ; where

"r distance from the disturbance,

R dimensionless distance,

t =time after explosiont

T dimensionless time,

CONFIDENTIAL



SI A. YCONFIDENTIAL
I t I A1 ,Y'

fit Anialy,.;is of lvawu flecoi,(!n. (COnt'l)

d iccelnr,aitlon of ::,cvit,

A : wa v I !,inll th,

k - wcave number,,

and a z dirnensionles.• wave number-.

It is a.isumed, here, that the ennuing, wave behavior is

d1esctibed by the. linear theory of gravity waves, since

the paraericter AA2/h 3 in much lens than unity. Therefore,

the following fundamental relationships are obtained!:

(16) C =tanh o)1/2S~dTo

(17). V P = vi//h = C(l + 2o/sinh 2a)

where C dimensionless wave velocity,

V = dimensionless ,z'oup velocity,

c = wave ve]ocity,

and v = group velocity.

1From (16) and (17) one obtains-

(18) V P I (tanf o)l/2 ( 20

T 2 0 sinh 2o.

1V (t.nh a1/2 E + o(1 - tanh o)]
T 2 a tanh a

CONFIDENTIAL
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D, Analyssi of Wave Records (cont.d)

* and

(20) V [(t ) 2 C ) (a tdnh3 0)1/2]
T 2 + tanh o "

One now can plot the relationships, - vs. a, V Vs. C,

R vs. X, and E vs. y, since y:oC is an identity (see
r T

rigure 1). Figure 2 is a graph of a typical wave train

on a R vs. T plot.

The variables of primary intrerest in an explosion are

the wave height H, the wave length X, the group velocity

Vs and the energy parameter Rlznax)2 One must realize,
""max

-. however, as is easily seen in Figure 1, that for any one
wave train, A is a function of •!, and ":hat a particular

T
value of A is really an instantaneous value. Therefore,

for convenience, all analysis of the data will be made

in reference to the group envelope maximum. That is,

:Hmax will be the wave height at the envelope maximum,

A will be the average wavelength associated with the
max

envelope maximum (not the max. A in any envelope),

a max is a at the envelope maximum, Vmax is V at the

envelope maximum, and is the energy parameter
°max

at the envelope maximum.

-I
(."
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it. An,/ i y i -i of I; V, V I c. ( I I I off)

Plot'; of lo? A ,1×I 1o01 VilA , 41no lo•! a "il vs. leo W

arc.* ihown in I'iitrr, 3 tor .a :surtace exploniion, An seen,

the loci appear to be straight lines. The corresponding

V relatlon:hiips obtained from leaat squires fits are;

(21) A z 15.0 W0 ' 2 75
"Max

-o.275
(22) ax 8.38 W dlnd

0.1'11(23) V 0.17 W

maxx[! ~ ~ritlures 4, 5, 6 show plots of 'a 03 ' 0max' an(I (-lma)?

versus z, the depth of explosion measured positive down-

ward, with W as a parameter. *Here, one easily can see

tha-t thera are not enough data points to obtain a true

picture of the function's behaviour; however, the p'lots

seem to be similar to plots of Hmax versus z, which will

be shown in the next section. The A and (R~max)2 plots
maxmax

seem to have two maxima; one maximum near the lower criti-

cal depth, and another near the upper critical depth.

The maximum near the lower critical depth seems to increase

more rapidly than the maximum near the upper critical

depth. On the other hand, due to the relationship between

0 max and Amaxw the relationship between emax and z is

approximately the inverse of that shown for A versus a,max
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I4, Anl~y ji: : o0 .,9w. h'-cri l.; (conrt '11)

"l',j bhIc IV, V, irird VI th-it lot Ic;w, onritain a nummary of

thO ,inld yc L; Of thc":;o wiv! re'r'or .;, t..; "can be seen, it

wotuld Ieo mo.;t bt.neficCiCl to have rercordn from.i other

explosion !depth'u to ,inilyz/ ,.

i- TAIIIJ IV: I tceults of Anasy:i,. of Wavew Pcords from
14 -- 0,5 Lb. S;hots.

S z in feet 0 0.01 1.78' 2.17' 4.741

Vmatx 0.155 0.159 U.164 0.173 0.15R

amax 10.2 9.70 9.20 8.30 1U.0

AmJX 12.31 12.95 13.66 15.13 12.60

Rif 0.520 0.624 0.607 0.603 0.254

F'max2.3

( a) 2.71 x 10- 4.13 x l-3 4.35 x 10- 5.28 x 10-3 0.646 x 10
0 max

-TABLE V: R.esults of Analysis of Wave P ecords from

IW 2.0 Lb. Shots.

z in feet 0 0.06' 2.21' 4t.72'

Vmax 0.192 0.198 0.209 0.209

6.75 6.30 5.61 5.61

t 18.61 19.94 22.39 22.39

""1lmax 1.84 1.84 1.02 1.21

(|)? 7.40 x 80" 8.53 x 10-2 -2 4,67 x 1

__- CONFIDENTIAL
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.I. Ana y.1]7 ,[- of' W'avu '•'•'h ((a '

TAI.IJ: VI: PIsutl of /,na.y7:ir of Wve w J'acords from
W z 10.0 1.b. Shotat

z in roeet 0 0.,i1l 7.!5, 110,1111 : 10.87 °

V ý0.237 0.24o6 0,243 0.,2t19 0.235

a areatx 4 . 47 4 . 13 4 .23 11.08 4.52

28.1- 3041 2.69 0.78 27.79

PH 2.29 2.97 2.43 3.56 1.32
Mix

RHMC 2
( ) 0.263 0.518 0.329 0.759 0.085

One observation'of considerable interest noted from the

-test records, is that as the explosion depth increased,

a phase shift of 900 in the wave train occurred at

,7 identical range stations. This can be seen in rigure 7

(for W = 2 lbs.). This phase shift also occurred for the

F 1/2 lb. and the 10 lb. series. The phase shift seemed to

occur rather abruptly since the first two records avail-

able had identical phases, whereas every record of an

explosion at greater depths showed the same 900 phase

shift.

Iiiii
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C. Developncnt of Empirical Wave Height Prediction Formulae

In addition to the I4 wave records used in the preceding

section, tables of averaged wave height recorded for each

shot position and each charge weight were used in the

1 [following analysis.

Table III (page 38) shows the charge positions (z) used

[ for each charge weight W, while the charge positions

"marked L-I indicate the records analyzed in the previous

S[ section. Table VII (page 39) shows the ranges at which

r[ wave gauges were placed, and Table VIII (page 40) shows

the number of shots (at each charge position and for each

charge weight) that were averaged to obtain the wave

heights in the tables referred to above. These explosions

I all occurred in water of constant depth (20 feet).

The goal of this analysis is to find some prediction

formula of the form Hmax f(r,W,z). Assume that

(24) f(rW,z) C 1 g(W,z) ,
[r

where a is some constant to be determined by making plots

of log fmax vs. log r for each charge weight and for

each charge position. Figures 8, 9, 10, 11 and 12 show

these plots for W 10 lbs., the lines being determined

COINFIEHITIAL
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C. pevelopment of I'mpiriral Wave lleisiht Pr,,diction C'ormrtlat! (cont'd)

by making, a le.ast squdurus fit. The probable error was

found for each chargo weight, and also for a combination

of the three charge weightaz. These results are shown in

Tdble IX below.

TABLr IX: Wave Height Decay Rate

Charge Weight (lbs.) Wave Hleight Decay Rate

05 r0. 8 3 0 + 0.128q. S "ma"x--•'!

S2.0 'max r-0 .'40 + 0.102

10 r, -0. 7 1 8 + 0.081
[1 - 02 - ,I9 -

0.5, 2, 10 Hmax -0.802 0119

The next step is to find the function g(W,z).. -Plots of

Hmax vs. z. with W as a parameter appear in rigures 13,

14, 15, 16. In the figures, the first naxima is defined

as the upper critical depth and the second as the lower

critical depth. Note that Hmax seems to decay, more or

less, exonentially with depth from some point bL the

lower critical depth. Utilizing this observation, let

g(W1z) be defined as:

CONFIDENTIAL
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C. 4- J volo nen, Mr, t of 1:rnp pir1-i., i yev ie 1.i 1h t Pred 1: t iton r'orriul, a (coo d)

* 0(Wz) for op r 0z

(25) 2, 2

g 1(Wtz) foi z_ z

where z' (to be uteprutined later) is that depth below

the 1owe r critical depth at which 11max appears to fall

off exponentially.

To determine the function gp(W z) one would like to

express H as a polynomial in z with constants that are[max ýr-

functions of W. Also, one would like to force this

polynomial to have maxima .ofthe correct height at the

lower critical depth and at the upper critical depth,

V and to pinpoint the minimum between these two maxima.

[ It would be desirable, furthermore, for H at z=o to

be the correct value. Figures 17 and 18 show plots of.

": z tt the upper critical depth (Zu.c.i), z at the lower

V czitical depth (zl.c.d), z at the minimum between

-l.c.-, and u.c.d. (zmin.), ma at zo (Hnaxo) nax

at the upper critical depth (1 u.c.dH) at the

lower critical depth (H ), and H at the
max, l.C.do max

minimnum (H each as a function of W. These
max,Mi

results are shown below in Table X, the values being

normnlized to r 50 feet.

CONFIDE TIAL
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C. I)avulopment of Empirical Wave Height Prodiction rormulao (cont'd)

TABLE Xs Conditions to be Satisfied by go(zW)

l-~~~ ucd.=a(W)=74.45 x 10"2WO*135

At u.c.d.

Hmax.c.d. (r) ) (W) 2.70W0 443

At mm mmM 2Cz0.591 W- 
0 ,1 4 6

Hmxmin~r 2 2 W:.0W'
6

At 1.m.d.

Hm.x,1.c~d. Cr) • 83Cw) a 0.,37W'"
H 320201

z X 0

At surface

H (r) '6 (W) : 0.702W0' 2 7 6

max$ 0 0

IAs can be seen from the above table, seven conditions

F! must be satisfied, requiring a sixth degree polynomial.

Let go(zW) be of the form

(26) AHl (r) z z + Cz + Dapz3 + Ez2 + Faz+G

I CONFiDENTIAL
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C. Development of Umplrical'Wave Hleight Prediction rormulae (cont'd)

whore A, B1, C, )Di C., and r are all functions of W, to

be determined from the above seven conditions.

Then:

(27( at z0o, G . _ (W)

A 0

F and

Si r 4 3 2(28) A = 6z + 5Bz4 + 4Cz + 3Dz 4 2+ M r
I dz

d'max~r
Setting dz r o, it follows that at least three

dz
real positive roots must exist; namely ca(W), &2 (W), 9i

and *3(W), while the other two roots may be real negative,

complex or also real positive.

- A somewhat justifiable criticism at this point would be

[ 1?that one is not assured that the final .function go(z,W)

will not have another maximum and minimum somewhere in

1. the interval otztz'; however, this is not held to be very

likely, and probably will never occur. To find the exact

behavior of the final function sgo(zW) requires a

computer program, as it is somewhat complicated. This

task is planned for the future.

f
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JProcoecity (in t h ý;nPirvh for ~'(~.,)We haves

dl Xr 3 2

Az IlX O& 513ZI + iecz + 31)z +?Cz + r
dz

(29.)

z z-a1 (W)J[z-ca2(W)jLZ-a (0)] (6z2 + yz + 6)

where y and a are functionn of W, yot'to he determined. -

It follows that:

(30) AHMX~r) flz-a1(W)itz-*z2CW)1Lz-cx3CW)J (6z2 + yz 4' ))z

and

Almx r 6  (-6[cz1CW)+a 2(W)4s3(W)] + Y')5

+) (6[ca 3(W)(0x1(W)uc2(W)) + co1 (W)rj2(W)-Y~al(W)*e2 (W)+'a3C(W)]0S)

[ 4
(31)

[ 1-6az1(W)a2(W)e3(W)4'Y[c 3 (W)'ct1CW) +a2CW)401 (W)c12(W)b6LgEQ(W)4a 2 (W)4e13(W)])3

3

(-ck (VI)a Q (~ (W)Y4(E 3CI 0)(ca (W+kg WI~(W)W)+* (W)W] MD

+ 22 2 1 Q

+ (-Sca1(W)02(W)cd1a(W)I z C.

I. ~CoNFIEm IA
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C-D. I-Velopi)i.3ri t of [I'piricxil Waivt Itaiglit Prf~dict ion F'orrnul~,c (cont d1)

w~ieitV tlie ioufficionm~ of zs If Z, 3, '2 mid z are Ti, C9

D), E, mid~ I' retipurtively, atnd C z A0 (W).

flow, let

F ~(32) A1  u1 (W) + a2()*c 3 W

(33) A2  o3 W a()4 2l 1 W

(34) A3  a1 (W) aCW 3 ) ,

then

+l r)z -GA1 + ') ~5 *(6A 2 - v + 6)4
max 5 4

(35)

(-6A3 + A2 Y- A1 6) 3 (- 3y + A26) 2 -Ad

3 z+2 z 3z+A04

or

AL-li (r) + is (WU + S AYL J' 3 z
max 05 4 3 2

(36)

L4 4...-A + A
6  GAlz5  6A2Z 4 6A 3z

4 3 2 S4 + 3

CONFIDENTA
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C. Development of Empirical Wave Height Prediction rormulae (cont'd)

The above equation$ (36), ha• three unknowns, A$ y9 and

6. There are three conditions yet to be used; those are

: (37) z ( s1CW) , Hmax(r) 6 1 M(W)

L {! (38) z a o2 (W) , Kax(r) A (W)

(39) Z 5 e3 (W) , Hax(r) 0 93 (W)

Therefore, the system of three equations and three.

unknowns becomes,

(40) 1A + 01 2 Y + #13 6 41

(41) 02 1 A + 42 2 Y + #2 3 6 =2 '

(42) #31 A • 32 Y 033 # *3

where,

31 E-11.(t~) + 8o()Ma](W

SCOUNIFIDENIAL
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C. Duvelopment of Empirical Wave HeLught Prediction rormulae (cont'd)

3
- zS Alz 4 + A2 z A3 z

12 3 2 4zal(W)

5 AlZ 4  A2 z 3  A3 z 2

Si'2"[ AlZ' A2 z3  A3 z 22 +
2 [ 1z 3  a2z 2

"" 1~ • -- .- A 3 Z]zaW)

S 3 +D A3Z+zzA 2 (W)

(3443 3)03 
W

4 AlZ3  + A2 z 2

I *33 [-"- --.-- A3 Z]z~3W

#1 34 3 2 AZ-a 3CW)

S26Az 6A2 z1, 6A3 z3

4 6AIZ
5  6A 2z2  6A3 z 3

5 z - - 3 z:a2(W)

4 3 2

6 6Alz 5  6A2 z 4  6A3 z 3

4 3 zKz:a3 (W)

K
I. and

1' '1 '12 '13

#22 +22 +

(4) t3 '32 $33

6Aq zA 6A 6

I '11 123

I- '21 '22 $23

'31 '32 $33

CONFIOENTiAL
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C. Development of Umpirical'Wavu IIiiht Pradiction rormulae (cont'd)

#21 #2 #23

{ 31 43 33 S(45) Y x

*Il *12 413

#21 #22 #23

#31 #32 #33

and

(#6) 11 #12 #-

-21 #22 #2

031 *32 03

#011 412 #13

21 22 *23

#31 432 #33

The above equations are sufficient to determine the

original constants, A, B, C, D, Es Fs and G.

To summarize:

1. A is given by equation (44).

S• "6Al÷y
2. 6

CONFIDENTIAL
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C. Development of Empiricdl'Wsvo Height Prediction rormulae (cont'd)

6A 2 -Aly+6
S3. C z

4
-6A3+A2-1

4. D 23 y-A 1 6

3

5. E -A 3 Y+A2 6

2

Ell 6. F -A3 6

and

7. G ABO(W)

Ii
The formula for prediction of Hmax from an explosion of

charge weight W at explosion depth z and range r, then,

is,

S(•ax 2 (s°)a (z 5 +z + Cz' + Dz3 + Ez 2 * rz + G) for oczcz'
a xA r m

-where a =0.802 (Table IX).

It is. to be noted that coefficients As B, C, D, Es and

F must be evaluated for each different charge weight W.

Also, depth z is measured positive downward, and water

depth is assumed constant.

CONFIDE'TIAL
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C. Development of Empirical Wave Haicght Prodiction Formulae (cont'd)

All that remains now is to find the function gl(zW) for

t1max(r) when z'z_. Figures 19 and 20 ahow plots of z' vs.

W, and H z,(r) vs. W at R 21.8 ft., the least

squares fit giving:

I.
(48) ze 4 4.27 W

0 336

(49) Hmax, zl(r) x 0.525 W0 " 3 9

S (50) . 1max ( 2 1.8)a(0.525) WO 43 9ezl-z(50 for z z'I

Iwhere againa 0.802 (Table IX).

CONFIDENTIAL



COaIFIDENTIAL
IT. AALYS If Page 33

D. Conclu,;iuJri .I..

It is not po'sible at thiu tiu.u to darive any conclusions

from the abovueanalysi3 becau!u of the limited number of

g wave records awvi1ablu for this treatment., However,

definite trends are indicated and a further analysis of

--the remaining W.E.S. data, and of data from the present-

test series should provide worthwhile prediction

formulae.

[7From the available data, it appears that the upper

critical depth seems to become less important as the
chafce weight increases, and apparently vanishes when

[1 -, the charge weight is somewhere between 500 lbs. and

':800 lbs. As the charge weight increases further, the

Llower critical depth continues to be the optimum depth

for generation of large amplitude waves. The wavelength

at the envelope maximum, plotted as a function-of explo-

sion depth z, also has a maximum in the region of the

lower critical depth, as does the energy parameter of

the envelope.

Figure 3 shows how Amax' 0 max' and Vmax vary as functions

of W for a surface explosion, and Figures 4, 5, and 6

show how Amaxs pmax m and o varyoai a function ofpiS°~max
depth with W as a parameter. To obtain an exact picture .

CONFIBENTRL
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D. Conclu:; ionu (cent'd)

of how theau ,IE.idzuL•-va az, uflfuted by W and z, one

needs more data encompassing larger charge weights.' The
present test series being conducted by W.E.So should help

in filling in the exact picture.

I)
As shown in Figure 71, a 900 phasu shift was observed

Sas the explosion depth increased. This is probably due

to a difference in basic generation of the waves from a

surface burst and an underwater burst. In one case the

primary forcing function is.-important, in the second A

case, the secondary forcing function is important.

The prediction formula (47) and (50), will be improved

when more data are made available. The constants are

complicated functions of W; therefore, examination of

the exact nature of these functions necessitates use of

a computer. This step is planned when the formula have

been improved with additional data.
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TABLE ItI: CIIARCE POOITIOtl'

CHtARGE DEITII Z (FT) FOR CIlAR(GE WEICIT W (LB)
CHARGE 1 2zA 0 C 125• 38S b00 F

POSITION b5

1. +0.08 +0.13 - - -

2. 0.0o4 +0.06 .....f 3. i:ri j r 0 - -

4,. -0.04 1 i-. 1 -0.25 -0.37 -

5. -0.08 -0.13 -0.22 -0.50 - -

6. -0.16 -0.,25 -0.43 . .

7. -0.32 -0.50 -0.86 -2,00 - -

a0. -0.47 -0.76 -1.29 - - -

9. -0.79 -1.26 I -5.00 - -

S9A. -0.99 -1.58 -2.69 - - -

S9B. -1.18 -1.89 -3.23 -7.50 - --

9C. -1.38 i221J -3.76 -

10. -1.58 -2.52 -4.31 -10.00 -14.6 -

10A. -1.78 -2.84 -4. 4 -11.25 -16.4 -20.9

10B. -1.98 -3.15 -5.38 -12.50 -18.3 -

lOBI. - - - -13.00 - -

10C. -2.17 -3.46 -5 .91 -13.75 -20.1 -

11. -2.37 -3.78 -6.46 -15.00 -21.9 -

12. -2.57 -4.09 -7.00 - - -

13. -2.77 -4,41 -75- -

S"146 -2.96 -8.08 " -

15. - . -S.0'. -8.62 -20.00 -

16. -3.56 -5.67 -9.68 ---

17. -3.9S -6.,30 -25.00-

18. -4.3 -6.93

19. -. -7.56----

1 ~20. -5.53 -8.82 ---
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TABILE VII: WAV! CAUGC POSITrONS

RANCC:3, ft.

Charge Weight, lb.

0.5 2 10 125 385 1000

II

.13.90 15.75 21.50 75 73 73

19.85 34.65 37.63 310 219 219

21.84 47.25 53.75 410 365 • ,-366

23.82 50.40 59.13 540 511 511 {.
25.41 53.55 64,50 800 800 t00It27.79 56.70 80.60

29.78 59.85 86.00

31.76 63.00 -

F CONFIDENTIAL
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TABLE ViII: SUMMlARY OF' LZPLO 5 1ON S

No. Shots
W Fired

0.5 5 +0.09
0.5 6 $0.04

005 50

Ip0.5 2 -0.047
U0.5 6 -0.99

0.5 2 -01.1
0.5 3 -1.38[10.5 2 --0,4K0.52-07
0.5 6-2.37

0.5 -2.57
0.5 5 27
0.5 5 -2.96
0.5 S -3.16

0.5 3 -2.37
0.5 3 25
0.5 3 -2.77

2. 5 -2.96
2. 5 031
21 7 -0.06
2. 3 -0.13
2. 3 -0,25
2. 3 -0.50
2. 3 -1.58
2 3 -0.761.2 3 -. 26
2 3 018
2 7 -2.01
2 5 -2.52
2 3 -0258

2 3 -3.16F2 3 -.2.6
2 7 -3.78

2 5 -2,04

CONRiDENTIAL
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TABLE VIII: Summar'y of CxpI0o,llong. (cont'd)

No. Shota
I|w Fired 4

t.

2 5 -4.41
2 4 -4.72
2 5 -5.04
2 3 -5.67
2 5-63
2 3 -6.93
2 3 -7.56

10 4 0
'F2 3 -8.82l~•i

10 4 -0.11
10 5 -0.22
10 3 -0.43
10 3 -0.86
10 3 -1.29
10 3 -2.15
10 3 -2.69
10 3 -3.23
10 3 -3.76
10 5 -4.31
10 5 -4.84
10 5 -5.38 l
10 5 -5.91
10 7 -6.46
10 5 -7.00
10 5 -7.54
10 5 -9.08
10 5 -8.62

S10 3 -9.68
10 6 -10.87

125 1 0
125 2 -0.25
125 1 -0.50
12S 2 -2.00
12S 2 -5.00
125 3 -7.50
125 2 -10.00

125 3 -11.2S
125 3 -12.50
125 4 -13.75

F 12S 3 -15.00t 125 1 -20.00
12S 2 -25.0
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T 'Asb, 1: V I I: I Summairy aIt /:xploiioAli (collOtd)

j iNo. Shotu
W rirud z

385 1 -0.37
385 2 -14.6

385 2 -18.3
385 2 -20.1
385 1 -21.9

1O000 -20.9

Ci I T

,17
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