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This report is the third submittal of an overall study
concerning the pgeneration and propapation of surface water

udvcsbproduced by explosions, conducted fdp the Offiée of

Haval Fesearch under Contract No. Monr 3678(00),

The overall study bésically is composéd 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 former and, éor thg most parf.
utilizeslﬁave data from small explosions cquéited at

Qateruays Experiment Station, Vicksburg} Mississippi.
: N .




 ABSTRACT

[ Thisaggport‘iz,noncernad.uxthxlhc/analycis‘of exporimental
‘ / vy vy tly
- wave data obtained from small ovale undcrwater cxp1051ons¢\

{
- ,1n—Ugrab;L2_L»g\;hGNbaesa_ﬁnz—naa4ye+a, consideration was

“made of all known and available data including those of

Project SEAL and others, It was concluded that the only

available small.scale fiéld data of sufficient reliability

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

’\\
test series, Accordingly, certain sets of W(ELAQ data)made

'uvutTHUTE'TB'Esiiéve been analyzed in detall\;f;h the najor

[f v ways Experiment Station scientists in their past and current
[ objectives being the 1nvest1pat10n of scaling laws and

‘ empirical wave height prediction formulae,

- Much 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 heipht, H __, 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 W and wavelength,

A, of the maximum wave is derived along with 1 as a functicn

of explosicn depth, z. The wave number, o, of the maximum

wave is obtained as a function of 2 and of W, while the energy

oy
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ABSTRACT (cont’d)

RH
parameter (-;Eﬂi)
wax

2 } i : . . . .

is shown as a function of z, where R is
the dimensionless distance from the source. In addition,
graphs of umax versus r are drawn and the rate of decay of

wave height with r found for each value of W,

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 10,000 pound tests of
Project HYDRA. The equations, when completed, will be

tested with available applicable nuclear test data.
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WATEP WAVES PRODUCED BY IMPULSIVE
EHERGY SOUECES

PAPT 3: DATA AUALYSIS AND SCALING PELATIONS

I. INTRODUCTION

i - The matter of scaling surface wave characteristics caused by
small explosions to those resulting from larpie explosions

has been xnvestxgated both theoretxcally and empirically by

many investigators with varied degrees of success and accord,

‘~ "

Clearly, a highly usable scaling law cculd 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 yiéld or the large yield tests lack

-

i , control and are not gencrally well documented. One procedure

P om—
SR

has been to derive a semi-theoretical scaling relationship

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

{. of wave peneration, and to attempt fitting available experi-
mental or prototype nuclear data thereto. As mipht be expected,

this approach has not been a resounding success,

Initially, when the data analysis was comnenced under Contract

Monr 3678(00), the objective was to inteprate all available

: (- data into a consistent picture, if possible. To this end,
i

P




( 1. LITROBUCTION (cont'd) S Paye 2.

deta from nunercus investipgations made in the United States,
Britain, lew Zealand and. Japan were carefully examined 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 the -
‘I' - ‘ intended lines because of lack of knowledge on senerating

and environmental control,

ORI

F

H o Accordingly, it was decided to select those field experi-

td

ments which were conducted with reasonable control, to

| 1 analyze such data in detail for prediction relationships,
25 and to test such formulae against ceftain pertinent tests
z of other series, It was decided to select certain of the
= n o test data obtained by Waterways Experiment Station scientists‘
. 9 in theii 1961-62 field program for this detailed analysis;

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

G

Ir is récognized that the W,E.S. cata constitute an extbemely
“small Paﬁge of W; however, it is planned that results of

. furthev larger tests, which are expected to be available at

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

improvement and testing purposes.
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II. AUALYSLS k o i ‘ ) Papn ; 3

bthevanalysis presentcd in this report consistz of ‘thrao pﬁrtq:
A, Teview of Secalinp Concepts,
8, rnnalysls of Yave Fecords, and
C. CLevelopment of Lapirical Wave Helght Pradiction

formulae,

A, Fevicw of Scaling Concepts,

lHumerous investirators have looked at the prollem of
scalinp underwater explosion characteristics over a wide
range of charye weights extending from ounces to megatons.
There is, of coufse, no question that such knowleclge
would te valuable; however, because of the lack of
precise physical theory and reliable data in the hiph
yield range, it 1s difficult to attach any degpree of

confidence to derived laus,

’Bascially, a scaling analysis consists Sf determining
whether or not sinilitude can be obtained in a model
test, and if so, then finding the scale factors, The
basic similitude requirements to be satisfiedfingauch an

analysis are piven in Table I,

© et sern e -
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CANALYSIS  (cont'd) , \ : C Pape b

TABLE 1: Basle Similitude Pequirements

1) Ceometric Similitude  Lenpth Scale Factop A
‘2) Kinematic Sinilitudes Velacity Scale Tactor $32/1
- Acceleration ﬁcalc chtor nzx/t2
3) Dynamic Similitude _.,Pr¢55nre Scale Tactor ' !=002
| [nerpy Scale Factor E:ula
% ¢ is the fihc Scale lactor

- The list of similitude requirements pivern in Table I is

~

ﬁét complete, ['urther requipemcnts depend on material
(in this case water) constants, of which the deﬁsity. 0,
is the only one listed so far; Other material constants
that may affect the explosion process are viscasity,
conpressibility, surface tension, vapor pressure, and
gravity, The influence of these material constants on
the scaling pictﬁre results in certain characteristic
dimensionless numbers that must have the same value in
both model and prototype. These characteristic numbers
are listed in Taﬁ]e II. (The subscript, m, in the table

refers to the model test.)
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A, Peview of‘ﬁcaliﬁn Concepts  (cont'd)

l'-!p'ﬁ 5

TABLE Il: Additional Similitude Pequirements

1) Co@preﬂsihility Fffect

2) CGravitational tffect

3) Condensation Fffect

5) Viscogity Effect

‘Sur-face Tension Effect

Mach No, = ¥

Froude Mo,

Thomas ilo,

- P
—

"vapor

Weber No, =

Peynolds No,

v

~ C
- ¢zc= 2

~>
asg S

c

P

In the above table the notations are:

8 2 scale factor
g z scale féctor
Fvnpor 2 scale factor
3, z scale factor
v t scale factor
L z lenpth,

T z time,

for
for
for
for

for

velocity of sound,
ﬁravity,

vapor pressure,
surface ten#ion.

viscoaity,
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A

v
‘In field tests, the quantities ¢, g, |

keview of” Scaling Concepts  (cont'a)
P 3 proessure,
v s velocity,

A

~
t
vapor? 3, and vy

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 compatibloiahd;‘hénce, exact scaling is
impossible, Conseéuentl&.»in scaling field tests, one
must &epcnd on either a theoretical solution,'or}an |
empirical solution derived fromﬁextensivc smalitaéélel'.i
tests, unless it is known that ;;he method of am:ox'oitimitqV;Hi
scaling will give reasonable results, (Herein it is . '
proposed to revert to an'empiﬁical solution using data‘

from small scale tests conducted at Waterways Experiment

Station, Vicksburp, Mississippi.)

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

turn to small model tests in a tank where the eﬁvironment

can be completely controlled. If one utilizes a hiph

gravity tank and special liquids, it mipht be poszible

to obtain an exact scaling situation. It must be realized,
also, that there is a basic difference between H.E. and
nuclear explosions, since the bubble constituents are
radically different, How ﬁuch, and in what manner, this

will effect wave generation, is not known at this time,
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A, Roview of]SFdlinu’Cohcaptsx (cont?d)

must depend on either a theorcticél solution, or an

from small scale tests conducted at Waterways Experiment

Station, Vicksbﬁrg,'nississippi.)

ANALYS LY ' ' o ' Paga 6

P : pressure,

velocity,

<
(1]

' ' a A ’
In ficld tests, the quantities ¢, p, Pvapor'

3, and t
are all unity since both model and prototype have the
same environment. With the five scale factors being
unity, fhe similitude requircments'givcn in Table II

clearly are not compatible and, hence, exact scalinp is

impossible, Consequentli, in scaling field tests, one

empirical solution derived from extensive small scale
tests, unless it is known that some method of approximate
scaling will givevreasonable reSulfs; (Herein it is

proposed to revert to an empirical solution using data

If there is to be a method of exéct scaling, one must
turn to small model tests in a tank where the environment
can be completely controlled, If one utilizes a hiph !
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 H.E} ard
nuclear cxplosidns, since the bubble cénstituent;'AE;‘

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

will effect wave peneration, is not known at this time.
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A. Peview of Sealinp Concepts  (cont'd).

" Compare wave systens from charpe weiphts Nl and w2

" sealinpg factor be

With rdépect to gcaling of wive chnrnctaris:{cn’
W, G. Penncy derived laws using the fundanental solu-
tion of the wave equation for cylindrically expanding

infinitesimal nravity”wnvcn in water of uniform depth d,

For the condition of an initial surlace elevation,
Penncy obtains the following relationship for surface

clevation, ¢,

¢z [y cos o t Jglkrdkdk [o Fla) Jo(kaduda

where k is the wave pumber, t is time, and 02 = gk tanh kd,

Similarly, corresponding to an initial surface impulse,

Penney obtained,

¢ = - i; [ o sin o t J tkedkax [ Fla), Jg(kadada o
A review of Pe .ney's scaling analysis follows.

Case . Initial Surface Impulse

detonated at heipghts L, and L) above the water., Let the

U (173
n s (ledl) .
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Peview of Lealing Concepta  {(cont'd)

The scniinn law for ¢ then turng out to be:

£y (nx, Wi = Vﬁ‘cl‘(x.t) .

That is, impulsively penerated wave heights at correspond-
ing distances vary aly in the sixth roct ~F rhe charpe

ratio,

Case I1, 1Initial Crater and Nome

As before let n = (Wy/wy)/3

‘One must first solve the equation

3 .

3 = ’
hy3 (hy + %)

: h
for 2 , where Z is the atmospheric head.

hj
h

Assume the solution is El = m; then the scaling law for

1

.

g is
;2(mx, t Vo) = nm gy 0e,t) o

If a snmall model experiment is compared with a very
large full scale trial, then one may assume h1 is
neplipible compared with Z, and that Z is neplipible

conparud to hy, Then,
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A, Pav{uquf SCJ]lnH‘CdHCuPtS (cont'd)

n s nJ/“ (Z/hl)ll .

The heights to be expected [rom lappe cxpldsions. there=--
fore scale up from those of o pivon umall explosion as
the fourth root of the charpe vatio, the corresponding

distances and depths being in the same ratio,

The results to be expected from two small scale experi-
menty may be npproximatéd by‘assuminn that h; and h, are

both nepligible compared with Z, Then

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

ing to the linear dimensions of the charpes,

Wave scaling concepts of value also have hqen phesented
bynn. Kranzer. Kranzer uses the same basic Cauchy-
Poisson theory like Penney did, only modified for finite
water depths. In this analysis, Kranzer gives solutiora
for the wave amﬁlitude, n, for hipgh air, surface, and
underwater bursts.in water of constant depth, These solu-
tions will provide scaling relationships for the maximum
wave in each case, The impulse functions used congider

vertical forces only, Under some conditions, the horizontal

SECRET
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. 'A. Peview of Scaling Concepts, (cont‘d) -

1m§ulse'should'be'conéidnpod, but.is probably neplipible
if the air'hurst‘is hinﬁ enouph, For*sﬁrfnce burats,

- likely the horizontal impulse can be compensatad for by
alterfnn the vertical impulge tb'give a satisfactory

solution,

For an impulsively generatcd wave from, say, a surface
burst or an dir burst, the wave amplitude piven by

Kranzer is

L ! |/¢(a) tanh & = .0 e
6 t) = I (=) s
; ( ‘ nir®) pthhyr -3'(a) . ° (h ’ £ ¢

ation

where o is the positive root of the equ

lj»A N ¢(o) = 1 |ranh o + . 1 373 ;c 2 L for r_ygh't;
% 17 2 u CE 2 (cosh o) b51nh a "Gﬁ?'t :

‘ ,
! In equations (6) and (7),
,f I = zero-order Hankel transform of the initial impulse
' distribution,
r = radial distance from ground zero, and
; R = effective radius of the impulse,
!
§
-
’; ;
1 i
HE o
s
S
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A,

Peviow of Sealinpg Concepts (conttd)

If-I(rY = 10 for r < I' and I(s) 1 o:for ro»>p,

Kranzer shows the maximum anplitude for this impulsively

penerated wave to be’

0.40 T WV
(r) = for P<<
"ma? > VT or h
and
' Ik
Mnax(r) = 0.58 ~ for R>>h .
a¥ih r

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 Y!/3 at a radial distance also

173

scaled as Y . Therefore, at a fixed distance r from

ground zeroc w&¢ have

y173 yl/6 _ (172

n.__(r) = Y .

max

For water of finite depth, the same Yl,z Scaling is

valid provided R<<h, On the other hand if R>>h, then

173 (173 _ 273
"max(r) « Y Y = YT .

SECRET
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Ay Jeview ot Sealting Conceprs (cont'd)

th’dN>U“déerlUf burnt, Kvunzvr‘pivﬁn a 5cnlinn‘rulafinﬁ~
ship ausuning that cach c#ploﬁion takcu plﬂfc at its
optimum or Jover critical depth, The uolutién for
undevwater buvﬁts assumes that the waves are displace-

ment penerataed, dand isg
nlr,t) = Lo T2y (foele)

where L is the zero-order Hankel transform of E(r), the

displacement of the water surface at time t=o., Apain

'ussuminu that K(r) = Ej for r<F and i(r) = o for r>P,

0

ve obtain

L P
Nax(r) =.0.82 - for P<<h .
and

B k2
n {(r) = 0,32 for R>»>h o
max rh

Essentially, the latter cquation need never be considered,
since if F>»>h, any underwater explosion essentially

becomes a surface explosion and can be treated as such,

SECRET
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ANALYSTY

A, Meview of Scaling Concepts (cont'd)

 SECRET |

Therefore, for I'<<h undervater explosions of different
yields, each detonated at their respective optimum
depthu, scale as,

2/3

ﬁmax(r) . ¥ ’

since Eg and R both scale as Ylla.

Several other authors have written papers on scaling),

but for the most part thecy are along the same lines'és
the work of Fcnney and Kranzer, Other articles haye
shown that no exact scalinpg laws existed for field test%,
and have stated that one will have to be content with

some kind of approximate scaling,.

/6 172 2/3
. .

In view of the albove, it is scen that W s and U
scaling has been proposed fer impulsively-pencrated wave
systems, while Wl/" and w2/3 scaling has been proposed for
underviter-explosions or displacement-uenerated wave
systems, Also one fact is important, there are no wave
scaling relationships for detonations at depfhs‘other than

the optimunm or lower eritical depth, unleas Rash,
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he Peview of Scaling Concepts  (cont'd)

The immcdiatc.conélunion tn ba reached in view of fhasn
various scaling relationships is that without extensive
testing, one theory is as pood (or bad) as the other,
It appears thcréforo, that an’cmpiricalISAiuticn derived
_from analysis’of vell controlled Qmall tests mipht be
very valuable in determining wvhich, if any, scalinp
- relatidnship is nost closely aliied to the actual

phenomena,
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II. ANALYSIS o © . Page 15

Anaiynis of Wave Records

~ The objective of thia analysis is to study the nature

of the wave characteristics in wave trains rouulting
froh the underwater explosion tests conducted at Water-
ways Experiment Station. In this prelimihavy anaiysis
of W.E;S. data, fourteen wave records were used cover-
ing charge weights of 1/2 1b.,, 2 1lbs,, and 10 lbs. Shot
geometry for these records is shown in Table III (page
38). In these tests, the first few waQe gauges seemed
to be too near the source and ueré measdring breaking
wéVes; thérefore, only records from the four gauges most
distant from the source were used on the 1/2 1b. and‘.
10 1b. shots, and fecords from the last five gauges on

the 2 1lb. shots.

These small explosions were conducted in a basin of
constant depth. The pertinent variables can be expressed

in terms of the depth, h, as:

R = r/h,
T = t#g/h,

¢ = kh = 23xh/),

-~
"

2%/T = 2%x/1/g/h ; where

distance from the disturbance,

= dimensionless distance,

time after explosion,

- o ™ N
"

dimensionless tinme,

CONFIDENTIAL




[Sp—

)

L J

Pru——————

oy

CONFIDENTIAL

[T, rUALYSIS

By Analyuis of Vave Pecords., (cont'd)

B % dccelaration of gravity,
A = wavaelenpth,

k =.wave number,

and o dimensionless wave number,

“Pep 10

It is assumed, here, that the ensuinp wave behavior is

described by the linear theory of pravity waves, since

the paramcter AA2/h3 is much less than unity, Therefore,

the following fundamental relationships are obtained:

(16) c =49k c//ph = (t_‘“.l.]'l._‘.’.)]‘/2 .
-dT o
(17) V= % = v//gh = % C(1 + 20/sinh 20)

where C = dinmensionless wave velocity,
V = dinmensionless group veleocity,
c = wave velocity,

and v = group velocity.

Frem (18) and (17) one obtains:

R 1 ,tanh 0,172 20
8 Vz2a:2d (———— ae———
Q8 T 7% Y Yragmm
() vaE.l (tanh o120y a0 - tamn? o)
» T ? o tanh o
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s,

R

Analysis of Wave Records (cont'd)

and
_R _ 1, ,tanh g,1/2 o \1/2 cond 29172
V s F° 5 [¢ = ). + ‘;:;K_;) (o tanh” o) l.

One how can plot the relatiohships,.% VS, o,'% vs, C,
; vs, A, and % vs. vy, since y=oC is an identity (see
Figure 1). Figure 2 is a graph of a typical wave train

on a R vs. T plot.

The variables of primary interest in an explosion ars

the wave héight H, the wave length 1A, the group velocity

' RH
.V, and the energy parameter (-535)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 rat a particular

value of A is really an instantaneous value. Therefore,

for convenieﬁcc, all analysis of the data will be made

-in reference to the group envelope maximum. That is,

Hoax will be the wave height at the envelope maximum,

Anax will be the average wavelength associated with the

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

] is o at the envelope maximum, V_ .. is V at the

max m
. - L, .
envelope maximum, and (g%E2¥)2 is the energy parameter
max
at the envelope maximum.
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He Analysis of dave Pecor s Coonr by

lop v y ond lop g

) l: »
Plotuy of lop A Tomax

max? 11 vs; log W

max?
arce shown in Fipure 3 for a surtace explosion, As acen,
the loci appear to be straight lines, The correaponding

‘relationships obtained from least squares fits are:

0,275

e (21) A =15,0 W .

i max

P 10,275 ;

L (22) Oax 8,38 W » and

i . 0, 1u1

E{- (23) vmax = 0,17 W .

P

b . . “max .y ¢ .
| [{ F}gures 4, 5,‘6 show plots of A, o s and (———=)

g versus z, the depth of explosion measured positive down-
z {j ‘ ward, with W as a parameter. "Here, one easily can see
! -V'\ : : . .

¢ that thera are not enough data points to obtain a true
? [; pictbre of the function's behaviour; however, the pio;s

scem to be similar to plots of H,,, versus z, which will

iy

{ cectior Ripax 2
be shown in the next section. The & and (——=2)° plots
max Omax

seem to have two maximaj one maximum near the lower criti-

cal depth, and another near the upper critical depth,

——— ey
. [

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

Onax and A_._, the relationship between o and z is

max

approximately the inverse of that shown for Aax versus 2,
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H, ~ Analyuis of Wave Fecords  {cont'ed)

P””:‘: 14

Tables w', Vy, and VI that follcu, contain a summary of

the analysis of these wave records,  As can -be seen, it

would be most beneficial to have records from other

exnlosion depths to analyze,

TABLE IV:

W= 0,5 Lb,

Shots,

Kesults of Analysis of Wave Pecords from

z in fecet 0 0,08" 1.78' 2,17 WoTHY
Vinas 0,155 0,159 V.16 0,173 0.158
Omax 10,2 9,70 9.20 8,30 1,0

Miax 12,31 12.95 13.66 15,13 12,60

RH 0,520 .o.ezy 0.607 0.603 0,254

BH .5 2 -3 - 3l - -
( :ma*) 2.70 x 1072 fu.13 x 1073, u.35 x 1073 | 5.28 x 103 | 0.646 x 107>

max

CTABLE V:

Shots.

kesults of Analysis of Wave FRecords from
W= 2.0 Lb,

2 in feet 0 0.06" 2.21! w,72°
Vmax 0.192 0,198 0.209 0.209
o 6.75 6.30 5.61 5.61
max
\ 18,61 19,94 22,39 22,39
nax
Bl 1,84 1.84 1,02 1.21
KH, o - .
(-;ﬂit)z 7040 x 1077 | e.s3 x 10”2 ) 3035 x 1072 | w67 x 2072
hmax
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B, Analyuis of Yave Pacords (uontfd)
TLBLE VI: Tesults of Anauysis of Wave Pecords from
: W 3 10,0 Lb, Shots,
2 in feet | 0 0,11' 2,15 | nou' | 10,87
0.237 | 0,246 0,243 | o0.2u9 0,235
max B ) _ :
O ax Yo7 | ‘H.13 ui23 . ,“'08 : ’u.52
A 28,10 30,41 29,69 30,78 27,79
max_ : o
PH 2.29 2,97 2.43. 3,56 -1,32
max . .
.RH_ ; . ,
(—D1X%, 0.263 0,518 0,329 0,759 0.085
lamr!’(' ‘ - :

One observation of considerable interest noted from the

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

P e T

2 phase shift of 90° in the wavé train occurred at
identical ranﬁe stations. This can be seen in Tigqrg_?_
(fbr Q = 2 1bs,). This phase shift also océurred for the
1/2 1b. and the 10 1b, series, 4The phase shift seemed to
occur rather abruptly since the first two records avail-
able héd identical phases, whereas every record of an
explésion at greater depths showed the same 90° phase

shift,
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C., Development of Empiricdal Wave Hefght Prediction Formulae

In addition to the 1% wave records used in the preceding

scction.'tdblon of averaged wave heipght recorded for each
shot position and cach charge weight were used in the

following analysis,

Table III (page 38) shows the charge positions (z) used
for caéh charge weight W, while the charge poéitiona
marked [] indicate the records analyzed in the previous
section. Table VII (page 39) shows the ranges at which
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

all occurred in water of constant depth (20 fcet).

The goal of this analysis is to find some prediction

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

f(r,W,2) = l: glW,z)

”

where a is some constant to be determined by making plots
of log Hp,, 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
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C. _Devélopmcnt of Impirical Wave Heipht Prediction Formulae (cont'd)

by making a least squares fit, The probable error was
found for each charpe weipht, and also for a combination
of the three charpe welphts, These results are shown in

Table IX Lelow,

TABLE IX: Wave Heipght Decay Rate

Charpe Weight (1bs,) Wave lleight Decay Rate

0.8 . M, = p-0.830 * 0,128

2.0 Hma.x - r-o.a“u 1 0;102

10 . B, = r~0+718 £ 0,081
' U 1] + [

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

Hoax VSe 2, with W ashsfpérametgp‘gppear in Fiéures 13,
14, 15, 16. In the figures, the first maxima is defined
as the upper eritical dépth and the second as the lower

critical depth, HNote that H_ ,, seems to decay, more or

X
less, exponentially with depth from some point b the
lower critical depth., Utilizing this observation, let

g{i,2) be defined as:
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C."Duvulupmunt of tmplriﬁJl'Wuve Huinhtvprcdihtion Fornulae (econt'd)

gty for o ¢ 2 < 2
frlil,2) =

nl(w,z) for z* A3 Ty

where z', (to be determined later) is that depth below
the lower critical depth at which "maﬁ appears to fall

of f exponentially,

To determine the function ho(w,z) one would like to

exXpress Qnax as a polynomial in z with constants that are
. kg

functions of W, Also, oné would like to force this
polynomialvto have max@égtgf:fhc correct heipht at the
lover critical depth and at the upper critical depth,
ahd to pinpoint the minimum between these two maxima,

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

nax

be the correct value. Fipures 17 and 18 show pibts of.
z at the upper crifical depth (zu.c.d.), 2z at the lower
eritical depth (z1 c.d.)s Z at the minimum between

l.c.¢. and ueceds (25, ), H

nax at zzo (&

nax,o)‘ Hmax

at the upper critical depth (“nax anax at the

» u.c.do),,

lower critical depth (H

), and H
max, l.c.d,”? - Tma

x at t?e

mininmun (H ). each as a funcfion_of W. These

max, min
results are shown below in Table X, the values being

normalized to r = 50 feet,
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€. Davelopment of Empirical Wave Height Pradiction Formulae (cont'd)

TABLE X3 Conditions to be Satisfied by g (z,W)

2, c.q, * op(W)=h,u5 x 10-240.13
At U.c.d. ) | X
=8, 0,443
Hoaxu,cod, () = 8y (W) = 2,700
: -0,146
Zoin * OZ(W)=O.591 W
At min, |
: s - Y 00562
Hmax,min(” = 32(J)=0.20;w
0 - 00376
‘ zloCod. * ua(W)-z.SIW
At l.c.d,

0,492
' "max.l.c.d.(r) = 8y(W) = 0,377W

2 =z o0

At surface

H (r) = 8 (W) = 0,702w0+276
max, o o

As can be seen from the above table, seven conditions

must be satisficd, requiring a sixth degree polynomial,

Let go(z,W) be of the form

" D33 + 812 +Fa2+G ,

(26) AH__ (r) 2 28 ¢+ B2% + 2
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Davelopment of Lnplrical Wave leight Prediction Formulne'(éqnt'd)

where A, B, C, Dy, £, and T are all functions of W, to

be determined from the above seven conditions,
Then:

at zso, H, (r) = % ='Bd(w) ’

and
di___(r) , :
A —Dax = 62> ¢ 5Bz + uCz> + 3022 ¢ 2Ez 4 T
. dz
dﬂmax(r) ‘
Setting = o, it follows that at least three

real positive roots must exist; namely a;(W), a,(W),

and a3(W¥), while the other two roots may be real negative, wot

complex or also real positive,

.-A somewhat justifiable c:iticism at this point would be

that one is not assured that the final .function g (z,W)
will not have another maximum and minimum somewhere in
the iﬁterval o:;<z';'however. this is not held to be very
likely, and probably will never occur. To find the exact
behavior of the final function g,(2,W) requires a
computer program, as it i§ somewhat complicated., This

task is plannea for the future,
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¢o bevelopment of Lnplrical YWave Peight frediction Formulae (cont'd)

A “‘fﬁ-— 20 : 6'/.5 e sz ¢ ouczd e a2’ v 2wz e T o
. 2 .
(29) ' ‘
-z [z-ol(w)][z-az(W)J[z-a3(W?] (622 + yg‘o 8 ,
where y and & are functions of W, ydf‘to he detcrmined._
It follows that:
(30) A{ () = [(lz-nl(W)le-oz(w)]lz-a3(W)] (622 + yz + 6))dz‘ v
Ai | | ;;,4§
and - B gy
- el E
/ {-6Lay (W) +a (W) +a (W) ] + v} _—
. 6 1l 2 ~3 L €
AH___(r) = 2° + z v
max ) 5 o

o 4

, =6y ()ap(Wag (Weylaz (W) la, (W) +ay (W) +ay (W)ay (W)

Proceeding on the search for g (z,4) we have,

aH ()

y

. (G[AJ(w){al(W)+o2(w)l + ay(Wa, (W) -y[a; (Wsa, (W) ta, (W) ]+5) .

y

2

3

(-nl(W)uz(N)ua(w)y+6[03(w)(nl(w)fnz(W))001(N)62(N)]} 2

* 2
2

+ (‘aul(w)ﬂz(w)ﬂs(w)} 2 ¢ G »
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C, Developuent of Impirical-Wave Hefght Prediction Formulac (cont'd)

: . R i :
whaere the voufficients of zs, z', 23,.22 and 2 are B, C,

D, E, and T buﬁbﬁétively, antd C s ABO(W).

liow, let
32) Ay = ap(W) ¢ oy () + aglh)
(33) Ay = ag(W) [a) (W) *'azgw)] SCICOREPY () I
(34) Ay = a (W) ap(W) ag(w) 4
then i
. -6A, + Y) (6A, = Ay + 8) 4 )
AH (r) = z8 PR z5 + 2 1 z“
max 5 B 4
(35)
+ 3 ; z7 * 5 2" - Ajéz + A (W)
or
zs AIZ‘. A?z A3z2
Al-H (r) ¢+ 8 (W] + yl— - + - ]
max o 5 u 3 2
(36)
4 3 2 AyzS  6Aa"  6Ay23d
+ 6[3- - ﬁ}_z_. + ﬁlz_. - Aaz] : [-zs + 82 - A2z + 3z 1.
“ 3 2 S " 3
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C. Development of Empirical Wave Height Prediction Fbrmulae_(cont'd)

The above equation, (36), has three unknowns, A, v, and

8. There are three conditions yet to be used; those are
z 3 °1(W) ’ Hﬁax‘p) 3 altw), ’

z 3 BZ(W) 'Y (!‘) L4 32(W) »

Hma x

z 3 ﬂa(w) » H

max(f) = 8300 .

Therefore, the system of three equations and three

unknowns becomes,
At Yt 38
0210 A 027 Y38,

$31 At 032 Y * 9338293

where,

9 [°“nax(r) M .O(H)]anax(r)=az(ﬂ)

far T Doty 0) 80y (ryapyon 0

—~
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of Empirical Wave Helght Prediction Formulae (cont'd)

‘ ’ [25 ' Alz“ 0 /\223 A3i52
12 5 4 3 2 zza, (W)
S Az \ Azd  Ayz?
3 omap W Sm— C—— . c— .
422 * 13 4 3 T zaa,(W)
¢ 3 [EE - Alzu + Azz3 - A322
327 %% W 3 2 Tzzaz(w)
4 A123 5222' |
- _z__. - * -
.13 [“ 3 2 A3zlz=al(w)
% Ay23  A,2?
. (2 2% Tec
.23 - [" 3 L 4 2 A3Z]z=oz(W)
(43)
¥ Ayz3 A2
- rz 1 2
433 = - 5— ¢ - A32)zza i w)
; 6A125 6A,z% 6A.z3
0. = [-28 + 212 22, 2732,
1 S 4 - 3 z:al(W)
(.5 6A;25  6A 2% . 6A3:3] ,
$; = L=z 5 v 4 3 zza,(W)
€25 6A,z5 A z%  6A;23 ‘
= - R - +
*s : S 4 3 ]z=03(W) ’
and
4 42 13
2 %22 %23
¢ ¢
() R Bt 32 433
" 42 93
231 $2 %23
‘a 432 433 ’
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Y 413
‘21 2
| 431 43 $33
(45) y= |- :
| | 1 412 N3
21 422 923
431 32 %33 J
and
11 412 "
21 422 ¢
. ‘ 31 432 4
(46) : 8. =
| i 42 %3
3 %22 423
43 432 %33 .
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.C. Development of’Emplriédl'anu Haipht Prediction Formulae {cont'd)

The above equations are sufficient to determine the
original constants, A, B, ¢, b, E, F, and G,

To summarize:

1. A is given by equation (#4),

~BAy+
2. Bz 1)
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is,
a ¢,6 4p,5 4 3 2 ‘
(47) " - €50)% {2° +Bz> ¢ Cz" # Dz? ¢+ Ez¢ + Fz ¢+ G) for oczez'

| " 6A,-A, y+4
3, C = -—2——1_.. »
: 4
‘=BA,+A,y=A, b
b p = —3f2YRP
3
-A Y*A, 8
s, Ez 3 2 ,
. 2
5. l" = "Aac ) [
and

-7« G = ABO(W) .

The formula for prediction eof H,,, from an explosion of'

'charge weight W at explosion &epth 2z and range r, then,

max A r®

where a = 0.802 (Table IX).

It is to be noted that coefficients A, B, C, D, E, and
F must be evaluated for each different chargebueight W.
Also, depth z is measured positive downward, and water

depth is assumed constant.
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C. Development of Empirical Wave Helght Prediction Formulae (cont'd)

All that remains now i3 to find the function Ry (z.W) for
Hpax(r) when z>z', Figures 19 and 20 show plots of z' vs,
W, and "méx,i'(r) vs, Wat R : 21.8 ft., the least

squares fit giving:

(48) 2t o= 4,27 w0380

(49) Hpax, zt(F) = 0,525 wle439
. . a 0."39 z'-z
(50) o B = £21.8) ‘0'525),w i for z > 2' ,

max
o _ r®

where again o = 0,802 (Téble IX).
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D, Conclusiuny .

It is not possible at thiy time to derlve any conclusions

from the above analysis becauss of the limited number of

wave records avallable for this trcatment., However,

- definite trends are indicated and a fu:fheb énalyéis of

Pom— —s— —
— .~

D

“the remaihing W.L.S, data, and of data from the present:
test series should provide worthwhile prediction -

v ' formulae,

" v ‘ From the available data, it appears that the upper

critical depth seems to become less important as the

chépﬁe weight increases, and apparently vanishes when

1Y ___J
"
1

,Agnwahe charge weight is somawhere between 500 1lbs. and

ST 2800 1bse  AS the.charge weight increases further, the

lower critical depth continues to be the optimum depth

for generatioh of large amplitude waves. The wavelength

o N o

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

sion depth 2z, also has a haximum in the region of the E

— A

lower critical dépth, as does the energy parameter of P
2 ’ . :
{: the envelope. ‘ 3
T Figure 3 shows how Amax' Omax® and Vmax vary as functions
(L of W for a surface expiosion. and Figures 4, 5, and 6

L ‘ , R _

- show how Apaus Opays and (-gﬁii)z vary as a function of

. : depth with W as a parameter. To obtain an exact picture i

- W

AW e ar
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D, Conclusions (¢cont'd)

of how thesu paramcters ave cffected by W and z, one
necds more data encompassing larger charge weights. The
present test series being conducted by W.E.S. should help

in filling in the exact-pictﬁre.

As shown in Figure 7, a 30° phase shift Qas observed

as the explosion depth increased. This is probably due

to a difference in basic generation bf the waves from a
 surface burst and an underuatér’burst. In one case the

primary forcing function is.important, in the second

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 hecessitates use of
a computer. This step is planned when the formula have

been improved with additional data. .
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TABLE I[1: CHARCE POSITIONS ,

- - cuARGE DEPTH Z (FT) roﬁ CHARGE WEICHT W (LB)
PaaTRON Yan[2-a]roacfas=nfaessr] 20000
1. +0,08 | +0,13 - - -
2. - |+0.,08 | 40,06 | .- - -
3. | @] @ 0 -
v, [=0,05][=0.06]| [E0IT]| -o0.25 -0.37 -
5, |-0,08 | -0,13 | -0.22 | -0.50 -
6. -0,16 -o;zs’ 03 | - -
7. |-0.32 | -0.50 | -0.88 | -2,00 -
8. -0.47 | -0.76 | =-1.29 - -
9, -0.79 | -1,26 | [=2.15]| -S.o00 -
9A., |-0.,99 | -1.58 | -2.69 - -
98, [-1.18 | -1.89 | -3.23 | -7.s0 -
9c. -1.38 |{[FZ21]| -3.76 - -
10, |-1.58 | -2.52 | -u.31 |--10.00 | -1u.s -
10A. |-1.78 | -2,84 -11,2§ -16.4 | ~20.9
108B. |-1.98 | -3.15 | =5.38 | -12.50 | . -18.3 -
108", | - - - -13.00 N -
10c. [ZZIT]| -3.46 | -5.91 | -13.75 w2001 -
1. |-2.37 | <3.78 | -6.45 | -15.00 -21.9 -
12, | -2.57 | -4,09 -7.00 - -

13, ~2.77 | -u,41 -7.54 - -
14, -2,96 |[=8.72]| -s.08 - -
1s. =3, -5.04 | -8,62 | -20,00 -
16. -3.56 | «=5.67 -9.68 - -
17, | -3.95 | -6.30 [[ZI0.8T]| -25.00 -

18, | -%.35 | -6.93 ‘- - -
19, [-5TR] -7.56 - - -
20, -5.53 | -8.82 - - -
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TABLE VIL: WAVE CAUCE POSITIONS
RANCE$; ft.
: ChargeiWoight, 1lb,
0.5 2 10 125 385 1000 -
13.90 15.75  21.50 75 73 73
15,88 18,90  26.88 98 110 110
17,47 22.05  32.25 20§ 146 146
19,85 34,65 37,63 310 219 219
21,84 47,25  53.75 410
23,82 50,40  59.13 540
25,41 53.55  64.50 800 800 800
27.79 §5.70  80.60 | ‘
29,78 59,85  86.00
31.76 63.00
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TABLE VIII: SUMMARY OF LXPLOSIONS

No. Shots
Fired z

|
-

+0.08
“+0.04

"000'"
-0.08
-0016
-0.32
‘-0.'07
-0,79
-0099
"1"18
-1938
-1,58
-1078
"1. 98
-2.17
2,37
*2057
“‘2077
-2.96
-3.16
"30 55
"3.95
-“.35
"“|7|‘
-5,53

® # ¢ 9 9 4 ¢ % 9 S 0 8 T S . * BT B P G O O & ® e B @

NNV WU UL U WD WD W

+0.13
+0.06

"0.08
‘0.13
‘0.25
‘0.50
‘0.76
-1.26
-1,58
-1.89
-2,21
-2,82
‘2.8“
=3.1%
‘3.“6
-3,78
-“.09
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TABLE VIII: Summary of Lxploilons (cont'd)

No., Shots
Fired

WWwWwnwwt & o

NP W W N WA N MWLV NNWWWWWWWOnSTE
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—c
-‘0.‘01
-h,72
-5.0“
-5.67
'-6030
-6093
’7056
-8,82

0
-0.11
"0022
~0,43
‘0086
"1.29
-2.15
"2069
‘3.23
"3.76
-“.31
-4,84%
"5.38
-5091
-6.“6
-7.00
-7.54%
-8.08
-8.62
-9,€8

0

-0.25
«0.50
‘2.00
-5.00
"7.50
-10.00
-11.25
‘12.50

- =13.78

-15.00
‘20.00
-25.00
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TABLE VILL:  Summary of Explosfons (cont'd)

o, Shoty

§ e Y

T aun e B e BN ouoan AR teee S omevs BN avaut HE sy

|

” ——
[

~
SN

r
——

DR Gy |

W Firced ‘ C 2
385 1 -0.37
385 2 -14,6
385 2 -18.3
385 2 -20.1
385 1 -21.9
1000 1 -20.9
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