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ABSTRACT

The objectives were to study wave generation mechanisms for two underwater shots, Wahoo and
Umbrella, and to examine the terminal effects of these waves by inundation studies. These
studies were to be integrated with the results of previous nuclear explosions under related ge-
ometries to the end that rational prediction might be made of the water waves resulting from
future nuclear explosions.

Instrumentation for these shots consisted of various types of underwater pressure-time re-
corders, shipboard-mounted gyro-referenced inclinometers, cameras, and inundation gages.
Instrument failure was very high for Wahoo; however, Umbrella was more successfully docu-
meénted.

Results of Wahoo have been deduced primarily from a photographic record of the motion of
a deep~moored floating station (coracle) supplemented by pieces of information from other in-
complete records. The piecing together of the data allowed a reasonably reliable extrapolation
to the first node of the wave envelope for a deep water record at 4,500 feet range from surface
Zero.

This record was compared with the theory in Reference 1 and found to give very good agree-
ment for source conditions of a parabolic depression with a 213-foot initial depth and a 940-foot
radius. Photographs of the plume at +7 seconds corroborate this lateral dimension.

Because Wigwam was the only other nuclear shot which could be readily compared with Wahoo,
the results from that shot were closely reexamined and the same reconstruction techniques ap-
plied as for Wahoo. Crater dimensions derived from application of the theory of Reference 1
indicated a deeper and narrower paraboloid than for Wahoo. Correlation of the theoretical wave
envelope with that recorded was not as close as for Wahoo, but this can be ascribed to the fact
that all the energy for the Wigwam waves was not released from surface zero at a specific time.
The significant fact is that the higher group velocity measured for Wahoo waves was due to its
greater crater radius despite the fact that the Wigwam waves contained more energy.

A very rough scaling relationship between Wigwam and Wahoo can be derived, but it is im-
portant to recognize the limitations of any formula based on such scanty data.

The transition from cube root to fourth root in scaling from small to large yields was ex-
plored and illustrated by means of Project Seal data.

Umbrella wave records were obtained from three pressure-time recorders at close range,
two pressure-time recorders and an inclinometer at intermediate range, and a long-range
pressure-time-recording shore station.

The data obtained was analyzed in the same manner as for lagoon shots in previous opera-
tions and was found to coincide with the extrapolated Operation Redwing data for a device of
equal yield detonated at the surface. The enhancemeit of wavemaking efficiency due to submer-
gence, which has been observed for all other underwater nuclear shots, was not observed for
Umbrella. It may be hypothesized that the location of the device on the bottom allowed it to
transmit much of its energy directly into the earth, as a surface shot transmits the preponder-
ance of its energy into the atmosphere.

Inundation from Wahoo was much greater than anticipated. Inundation from Umbrella was
negligible because of the protection afforded the islands by an extensive lagoon reef.
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FOREWORD

This report presents the final results of one of the projects participating in the military-effect
programs of Operation Hardtack. Overall information about this and the other military-effect
projects can be obtained from ITR~ 1660, the “ Summary Report of the Commander, Task Unit
3.” This technical summary includes: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussions
of results by programs; (4) summaries of objectives, procedures, results, etc., for all projects;
and (5) a listing of project reports for the military-effect programs.
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Chapter 1

INTRODUCTION

1.1 DBJECTIVES

"The objectives were to study wave peseration mechanisms fortwo underwater sihots, Wakhoo
.and Umbrella, and to examinethe terminal effects of these waves by inundation ‘studies. "These
studdes were to be tntegrated with the resulis of previous mciear sxplosions under relsted xe-
ometries 10 the end that rational prediction might be made of thewxter wares resulting from

future nuclear sxplosions.

1.2 BACKGROUND

1.2.1 General. "The documentation of waves generated by muciear expiosions. has been the
obtecttve of research yrojects for Operations Crossroads, fvy, Custle, Wigwam, andRedwing.
"This work has.atways been complicated by maany factors, incinding test-area peometry, instru-
mment failure, and large gups between data. Although a certain mmount of empirical data was
gathered mpplicable to particular mhots, progress toward an wederstanding of the gemenative
‘mechanism and the development of a untversal scaling foresulia. ks oeen show.

“The bulk of pertinent data from previous nucltear tests has resutted from devices detonated
on barges movred over xarying depths of water within Bikini xnd Ewiwetok.ixgoons. In addition
to these surface shots, there were two in which the device was subsverged: Shot Baker during
Operation Crossrords xnd $hot Wigwam.

Work on a isboratory scalehas.aiso been conducted, both with small aigh-expiostve charges
and with geometrically defined initial dtaturbances. In such experimentation, it is posatble to
conduct many tests.and to repeat performmances that reguire verification. ©Onthe other hand,
there are certain disadvantages: (1) the uncertainty of the relxtionship between the effects of
chemical and nuclear sxplosions, and (2) cemplications of scaling over an sxtreme range of
‘yields where the functions of such mwnscaling qusntities .as xteewpheric pressure, gravity, vis-
oosity, snd surface tension must be considered.

1.2.2 Project Seal. Project Seal was initinted by military interest in the application of
offensive inundation durding World War II. "The most significant work was the comduct of a
series of tests with small "TNT charges in a basin of intermediate depth. "The effect of
varying the location of the charge 'with reéspect to the water surtace ‘was emplored, and
certain critical :depths of submergence were discovered. “The deeper of these, designated
by the project report (Reference 2) as the “lower critical :depth,” correspends to that de-
tined in the theoretical work in Reference 3. The “upper critical depth” described in
Reference 2 as “adjucent to the water surface” was discovered to exhibit a very sharp
peak and to yield wave heights greater than the lower critical depth. "This wpper critical
‘dupth -has never been predicted theoretically or verified by independent research.
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1.2.3 ShotiBeker. ~The first nuclear device to-yield-water waves of -interest was detonated
irtBiiini imgoon in 1046 as Shot Baker of Operation Crossroads. Water depth inthe vicinity
of the 20kt device was 150 to 160 feet, and-the depth of submergence was 85 feet. “This lagoon
depth-was comparatively-much shallower thanthat for the Seal tests, .:and -the depth of auvhmer-
gence chosenwas not representative of sither ofithe critical depths. “The wave data recorded
siwowed:that approximately 1 percent of the yield was converted to-water~wave snergy. A-muodel
Jaw-was deduced, the aignificant fsature of which-wasHr = conatant, -where ‘H is-the -wave
height (feet) and r isthe range tfeet)from surface origin. ~The first crest-was found to travel
withithevelocity of a sclitary -wave:

Cc = TERFH)

Where: C = celerity, ft/sec
. g = meeelerationduetogravity, ft/sec
h -= weaterdepth, feet
H = wmveheight, feet; subscript c denotes-wave crestproperty

1.2.4 ‘Operation Csstle. Nuciear devices tested durning @Gperation’ Castie for which significant
data wes recordet were of megatonrange and located on barges inBikini Jagoon. “The generated
waves traveied-totheswave recorders over pathsithat were refracted to a greater or iesser de-
wyree, which rompromised-the applicability of the results to a scaking iaw. “The general indica-
+tonmwasthatithe I Hr -product was.again cosstant. Of pevhaps greater mignificance, however,
“wasithe simpe of the-wavetrain revealed by the records. “For Bhots Tinionand Yankee, with
-wislds of 7and 13.5Wt, respectively, the first and serond erests dad large amptitude s with a
long shaltow trough between. “The simpes of the rrests were suggestive of solitary waves. "This
‘was in contrast withrthe records of ShofiBaker of Gperation Crossvoads where the first-trough
“was, as often as wot, of greater amplitude than either adjacent crest.

1.2.5 Waterways Experinvent ftation. Small scale tests with high explosives were conducted
by the Corps of Emgineers, U. S. Army, .atthe Waterways Experiment Station {WES) in 1852.
“These testswere intended to-mwodel the efferts of detonating a 20-kt-weapon in-typical harbors.
“The ratio h/W'/> {wivere W = deviceyield, kilotons squivatent"TNT)was sssumed to be a con-
stant for geometric similarity, and tests were comducted with a series of charge sizes for each
of several scaled depths. “The depth of charge submergence ‘was.aiso varied. “The effect of
scaling by an arbitrary exponent from a yield of 20 kt down to cimrges as small as 0.5 pound of
“YNT was to change the yieid-depth relationships.all out of proportion tothose intended. “The
recorded waves Bore no resemblance to those of Shot ‘Baker but were of the form of the much
sinliower (compared to yield) Castle shots. No critical submergence was discovered, but then,
‘the water was never so deep asthe lower critical depth, and-the region of the upper critical
depth was not examined in detail.

1.2.6 Laboratory Studies. “These included two-dimensional studies by J. E. Prins {Refer -

ence 3) of waves generated by a local uniform elevation or depression of the water surface.
“The initial disturbance was establtshed by elevating or depressing the water surface in a box

at one ‘end of a tong trough. “The lmboratory setup aliowed ciose dimvensional control. In varying
“the lsmgth and elevation of the initial disturbance as well as the water depth, a series of records
was ohtatned that was very revedling as to the transitions which wave trains undergo as the gen-
eration and propagation parameters are varied. With the dimensions of the initial disturbance
small as compared to the water depth, the wave train showed purely oscillatory characteristics
and was stmilar to those observed by Project Seal for a 4.38-pound " TNT charge in 13 feet of
water. AS the ratio of Initial disturbance tn depth is increased, the first crest takes on more
and more of the solitary wave characteristics, both in form and velocity. “This is likened to the
-wave gensrwied by Shot Baler. With 4 turther ncreane inthe disturbnnce-to-depth Tatio, nearly
all of the snergy ofthe wirve train is vontatwed in a first crest swemsting as a-solitary ‘wave
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34 WETRURMENTATION

Certain of the instremenintion utilined by the project was stmilar to that ueed by the Scripps
Sestitution of Ocennography (SUD) en previsus operations. The gyro-inclinometer and the modi-
fied Ballistic Resvarch Laboratortes (BRL) gage were developed for Operation Bardtack. These
wo mew sysbems are described in the followtng sections, as well as certain specialized acces-
sery squipmest for wse with stzadurd tastramentution. A detafied description of this stamdard
mutremutetion can be lvmnd in References 4 and 6.

24.1 mmm:m-x.ag Busteally, this unit was a differential-
prwseure Teosrder comwcted by a wee o a compliant biadder fissd with reference to the bottom.
Tiee system was filled with dry atr. This inetressent weed 28 it5 transductng awd recording sys-
e 2 stewhed BRL greovswre-time recorder sormmily wed for the msasurement of atr over-
esewe. This tvament sewses clsnges in prevsnre in 2 wetal aweroki-type capeule, which
drives a divwcily coupled styles tiut wovws ou 2 radiss of 2 Ittery-driven, chrowometrically
goverawd, tuce-sbomintved, ghuvs diuk. While the total encurséon of the stylus was on the order
of 5.950 wch, thee tvuce wiilth was on the ovder of 0.0005, so sstietactury rvsclution was obtaised
with low-power micrssvepic resd-eut. Capusles in the 0- (o I-pui range and the 0- to 5-psi
yugge were selected, haved en the predicted wave heights.

T B gages were welified by clunging the nbermnl wiring aad by clamging the speed of
tee chmxt drive mwiors.  Extermlly, the wnits were scesssorived with a pressure-reserve tank,
wullewsil-avtesbted sir vealves, sulluble plunbing, battery power sugply, sad an electric coutrol
chrouit pregvamed by 2 combiantion of seif-generabted sipmils sl the Bidgerton, Germesimusen
il Grier (BEAG) timing siguls. Thea the sutire recording, pressurizing, and coutrol assem-
Sty was pucisl o be inatalled in the Navy Rudisiogical Befense Laborstory (NIRDL) covacle (a
emisphericel susied fent, sppreninstely 10 feet in dismeter) of Project 2.3 or in the Project
1.6 shilis.

The wnil was pinced in 2 covacie (or shill) axd sltacied o a preinsialled dwee aad bindder
mevmbly. During nsalistion of the assembly, the bindier dopth wvas mensered emctly by
prossurising e system anl asting at wint presoure the bimiler bogan W0 fill. Becamse accurste
velumuitric wanswrements of the eulire sysivm were lnvwn, the pressure reguired in the re-
serve nittle was calvaliedl, = et st oguiliirias coniithms the lindier wvas spproninately
it nieind. At Inif alistion, the Sadier vas shie W0 capundl and coutract sefficiently to com-
poanuie Jar vebune clanges cassed by presswre chmages of thie, steric sse Jevel, sad the crests
=l troughs of passing weves. B was slivet this epiliriss pressure tiat the differentinl-
rossure captule spereivd.

242 Showiee Preaswe-Time: Wave Iecerder, Mk VEI.  Theer wnits were ldewntical
» nae vl Guring Gperations Caitie :nd Tndwing. I tasence, the sysiem was a fally tem-
peruhre-ovnprainisd struin-guge shaslute pressere transidecer commected by a salimerged
alaviric oahie W 3 sSheve-Snmmd strip-ciart recorder.  The brensdurer was insialied in water
utween 40 ad "W feat duap.

243 Sbhswiyre Prasswe-Time: Trde Yave Ircsrder.  Theoe wails differed enly In ac-
h oonpupt. e wils consinied of 2 bSsardan-driven styins Inecribing on 2 cleck-driven suasked-
slemiew Sk The etire recovder it was shock-mowind within 2 bigh-pressere sivel case.
The muils were so designed ad. by pressurizing or evacunting the inside of the steel case.
they coubil be ooell in vatiar dapihs of trom & 0 258 feet.  The wiks were nsinlied In conjenc-
tion with 2 1. 800-puund cast-lead Iniring %o give them locatisenl stability. The waills were ac-
oonmrined ' be sharted by the serivel of the wibrenter shock wave, thueugh woe of 2 prevsure
wwihb-asle shashl-opuuind chvh-ating Srolne.

e wvveral hetbns suivennly chee B site 30 Ware meotiary, & Wwwmden-bibe
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blocked until the arrival of a pressure signal in excess of the ambient value. Receipt of this
signal caused a detent to disengage; however, the bourdon was not allowed to receive any sig-
nals for about 4 seconds, to allow adequite time for subsidence of extreme initial pressures.
Subsequently, the system was open to all pressure signals. Figure 2.1 demonstrates the con-
struction of the protector.

2.4.4 Beli-Referencing Wave Recorders: Gyro-Inclinometer. The slope-versus-time curve
for a surface station can be integrated to yield the wave height history. ¥ the surface station
is a vessel whose length is small compared to the waves of interest and the vessel is oriented
bow or stern on the approaching waves, then the pitch angle of the vessel follows the slope of
the surface and may be recorded as such. Actually both the pitch angle and the relative heading
were reccrded so that corrections could be introduced for departures from the end-on attitude.

The sensing element selected for these units was the Minneapolis-Honeywell LABS gyro. As
designed, these assemblies were used to feed pitch and roll information to an automatic pilot;
however, by rotating one axis through 80°, they were made to aline the contained potentiometers
with the pitch and yaw axes. One leg of the pitch potentiometer was combined in a bridge circuit
80 that the output was amplified and recorded on a standard strip-chart recorder.

One leg of the yaw potentiometer was used as a resistive element in a relaxation, or blocking,
oscillator firing a thyratron tube that impressed a marginal dot on the same strip-chart record-
er. The oscillating frequency varied as the relative heading of the vessel.

The basic pitch and yaw instrument was accessorized by a battery-inverter power supply and
an electronic control system programed by self-generated signals and signals from the EG&G
timing circuits. Subsequently, the controller operated in the following manner: Upon receipt
of an EG&G signal at H—5 minutes, the inverters and the gyro drive motors were activated.

At H-1 minute, the gyro was triggered to uncage on the first hull motion through the horizontal,
and the oscillator and chart drive motors were started. At the end of a total run time of 15
mimites, the entire system shut down.

The above combination, as illustrated in Figure 2.2, allowed measurements of pitch to +30°
and yaw to £60°.

2.4.5 Photographic Measurements of Wave Height versus Time. The Hardtack technical-
photography plan revealed that, in several instances, combimations of location, camera size,
and lenses gave promise of valuable coverage of target-array vessels and buoys. Such coverage,
using standard photogrammetric techniques, could give accurate elevation-versus-time curves
for floating objects. It was anticipated that an assortment of data on wave positions, periods,
and heights would be derived from analysis of technical photography.

2.4.6 Photographic Measurements of Shoreline Wave Heights. Whenever shorelines sus-
pected of experiencing significant wave action fell within the scope of the technical-photography-
plan camera stations, range and elevation poles were installed. Whenever these stations were
beyond the range to give adequate coverage of the shoreline area of interest, cameras with
timing systems were installed to view these areas.

The contractor-installed 12- by 12-inch wooden poles were painted with alternate horizontal
stripes of black and white, 2 feet wide on the verticial dimensions. The poles were set in con-
crete footings and were guyed wherever required. Photographs of these poles gave data upon
the inundation effects of the generated waves.

2.4.7 Visual and Photographic Records by Project Persomnel. Wherever possible, project
persoanel were provided with handheld cameras and stop watches to record wave heights and
times of arrival at stations, such as piers projecting into the lagoon. and aboard ships at vari-
ous raages from surfare zero. Wherever advantageous, striped ramge poles of suitable caliber
were installed on sech plers.
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2.4.8 Can-Type Inundation Gages. On shorelines expected to receive significant wave action
but inaccessible to personnel at shot time, can-type yes-or-no gages were installed at 6~-inch
increments of elevation to give readings of maximum water depth. Postshot examination for
salt water in these cans gave wave elevation on islands and at shorelines. These gages were
installed to cover elevations from mean water level to twice the predicted wave height.

2.4.9 Radar Bcope Photography. Surface search radar of fleet operational type, when ad-
justed for high-sea return, could show the range as a function of time of the generated wave
crests (Reference 6). Plans were initiated to make these measurements during Shot Wahoo.
‘The scope camera and accessories used for Shot Wigwam were readied.

2.5 'TEST-BITE OPERATIONS

2.5.1 Shot Wahoo. Loedtion of Project 1.6 stations and other sources of ‘wave information
for 5hot Wahoo are shown in Figure 2.3.

It was intended to install BRL gages in five of the Project 2.3 deep-moored coracles. How-
ever, the subsurface hose-bladder assembly was damaged upon coracle installation for two of
these units, and time was insufficient to effect repair. At shot time, upon receipt of the firing
signal, the anerotd capsules for two of the remalning units were ruptured. The record pre-
‘sented by the one BRL gage that operdted during Wahoo could not be interpreted.

Mark VI wave recorders were installed and operated from Sites Elmer -and James. The
Site James transducer was'located just off the reef between Bites Trwin and James and &t a
water depth of 53 feet. 'The recording station, which ulso mounted two project cameras, ‘was
carried away by inundating waters from the shot after a partial record had been obtained. The
Site Elmer transducer was installed in the lagoon at a water depth of 43 feet.

"The cameras mounted on the Site James wave recorder cab were an ¥-56 and a K-25 aerial
camera. They were connected to @ common intervalometer and the field of view of the F-§6
included a clock. The F-56 was almed east along the reef, while the ‘K-25 was pointed toward
‘surface zero and the target vessel EC 2. Despite the inundation which completely flooded the
lower camera (F-38), the film was salvaged and successfully developed. A range pole was
mounted on the reef in the field of view of the F-56 but was carried away by the third wave
crest, which crest also claimed the recording station,

Lookout Mowntain Laboratories (LML) installed an unmanned 35-mm movie camera on8ite
Henry (Figure 2.4) and aimed it toward surface zero. ‘The field of view included the DD 582,
coracle stations U-4.0 and U-4.8, and wave action on the Henry reef.

Inundation gages were placed on Sites James and Glenn. ‘Those on Bite James were washed
‘away, whereas those on Site Glenn were above the level of miximum water rise.

'The surface search radar abeard the USS Orlich was adjusted for maximum sea return, and
the radarscope was photographed during the event. However, no waves were observed.

A series of before-and-after aerial photographs in both black and white and color were taken
of the ocean shoreltne from Site Glemn to Site Keith. In addition, @ postshot survey gave an ap-
proximate record of the maximum water level rise on these islands.

2.5.2 ‘Shot Umbrella. Location of Project 1.6 stations and other sources of wave information
for ‘Shot Unmbrella are Shown in Figure 2.4.

Inasmuch as the turtle wave recorder was expressly designed for close-in recording in shal-
low water, three of these instruments were installed as close to surface zero as prospects of
instrument survival, relocation, and recovery deemed practicable. They were installed in
water depths of approximately 160 feet at ranges of from 1,350 to 1,750 feet from surface zero.
Although the instrument locations were adequately marked with buoys and all buoys were visible
on the day Tollowing the shot, the recovery pregram was delayed by factors beyond the comtrol
‘of 'project personnel, with the resdlt that all booys ad been destroyed by surdace vessels by
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D+38 days. One instrument was recovered on D+1 but recovery of the other two turtles was
complicated in the extreme in that approximately 400 man-dives were required. The second
unit was recovered on D+ 14 and the remaining unit on D+185.

The gyro-inclinometers installed for Wahoo remained aboard the same vessels for Shot
Umbrella. The instrument aboard the DD 474, at a range of 1,030 feet from surface zero,
malfunctioned due to an undetermined cause. The instrument on the DD 583 performed sat-
isfactorily.

Two BRL gages were readied to operate in Project 2.3 coracles. On D-1 day, the moorings
assigned to these two coracles suffered damage. One was cut free by a surface craft, and the
second came adrift. Because the pressure hose to the one had ruptured, that station could not
be renctivated. The other siation was readied, but the coracle containing the instrument was
attached to a mooring that did not have the subsurface pressure sensing assembly.

In addition to the two coracie installations planned for Umbrella, Project 1.6 installed BRL
gages in two moored 16-foot fiberglass skiffs. Upon receipt of the firing signal, the aneroid
capsule of one of these was ruptured by the automatic pressurizing system. The second operat-
ot &8 expected, but as for Wahoo, the record could not be interpreted.

In adidition to the Mark VIII recorder installed off Site Elmer, a Mark VIII station was op-
erated from Site Henry during Umbrella. The transducer was placed in & lagoon water depth
of $8 feet wnd abowt 3,200 feet olishore.

A K-17 camnra was borrowed from Program 9 and mounted on the roof of the instrument
cab on Henry. This was operated in conjunction with the project K-25 camera that survived
the Wahoo trmmdiation. Dering the evest, both cameras were exposesd to a dosage of 105 r, and
the lead shewting, with which they were shielded, was inadequate to prevent fogging.

A photo target beoy was especially placed to be in the tield of view of cameras located on
Site Hemry, but all the Tilm from these cameras was fogged. Photos from other locations indi-
oste thut ‘the uoy was sbacared by the base surge during passage of the wave train.

Project persommel placed 380 tmendntion gages along the lagoon shorelines from Site Glenn
to Site Keith. Because of the minor extent of the wave action, however, none of the gages were
Teached by tnuriating waters.

Project 6.8, which was also interested in subsurface pressure meoasurements, instalied
subsmriace pressure-time recorders at three stations raaging from 8,300 to 44,800 feet from
suriace zero. Two of these, Piatlorms Pl and P3, operated wuccessiully.
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Chapter 3

RESULTS

3.1 SHOT WAHOO

3.1.1 Data Obtained. Stations at which wave data was obtained from Shot Wahoo are shown
in Figure 2.3. Each observation at a particular location constituted only a partial record for
that stetion.

The closest range at which wave action was observed was that of the target vessel EC 2,
2,500 feet from ground zero. This was a photographic observation by the K~-25 camera mounted
at Site James and exposing at approximately 2-second intervals. The base surge obscured the
vessel soon after passage of the first trough and it did not reappear until after the third trough.
A pousible node is indicated by the record.

An LML movie camera located on Site Henry viewed wave action at two Project 2.3 coracles,
U-4.0 and U-4.8, at surface zero rarges of 3,800 and 4,500 feet, respectively. The length of
the target vessel DD 582, oriented broad on in the field of view, was used for calibration. Cor-
acle U-4.0 was enveloped by the base surge after the passage of the first crest, and upon next
sighting, the coracle had obviously come adrift and could no lonuger describe the wave motion
at its original station. Coracle U-4.8 was never in the base surge but was pertodically obscured
by the preceding crests, while in the troughs and after the fourth crest, it was obscured by surf
action at the beach. Approximate times of the crest arrivais at the ®enry reef could also be
meansured from the camera record.

The Mark VHI recorder on Stte James operated through the fourth crest at which time it was
interrupted by the inundating third crest. The recorder was driven off scale by the amplitudes
of the third crest, third trough, and fourth crest; however, maximum values were closely esti-
mated from geometric considerations.

3.1.2 Data Reduction. 1t was necessary to establish the zero time of wave generation, which
is hypothesized as the time at which the water crater attains its maximum volume. The avail-
able data presented two methods: by observation of timed photographs of surface effects and by
analysis of period versus time (dispersion data) from wave records. The dispersion curve
depends upon water depth of propagation, range, and time. The dispersion theory of Reference
1 has been shown by References 4 and 5 to reliably define the period-time function. Por Wahoo,
because of the water depth, over the preponderance of the T —t curve, the Reference 1 disper-
ston theory coincides with the relationship well established for infinite depth water:

T = (4rr)/(gt) 3.1)

period, seconds
time, seconds

Where: T
t

i}

n

Uncertainties due to bottom contour are thereby effectively eliminated.

Examination of the periods from the record for which absolute time was most accurately
recorded, Station 160.03, indicated that a wave zero time of 9 seconds as referred to shot time
would effect the best agreement with dispersion theory.

Photographs of surface effects were studied with a view to estimating the time at which the
wxplosion guses passed through the surface. This appeared to be at about 7 seconds.
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“Bhot time plus 8-seconds was-selected as the zero time for purpeses of .analysis of wave
propagation. Times referenced in this report should be 80 understood unless shot time is
~gpecified.

Motion of the.Coracles.U=4.0.and U-4.8 :was transcribed from the film by ‘means of a Van-
guard motion analyzer. :A:smooth-curve:was constructed through the data. -Only the first
trough was obsBerved at.Coracle U-4.0. ‘Because trough positions.of .Coracle U-4.8 could not
always be observed, the envelope of the:wave train:was.assumedsymmetrical .about the still-
-water level, and the troughs were accordingly constructed friom the crest envelope. ‘A plot of
the:wave ‘periods-showed a-significant ‘departure from theory .even.atter the 8=second correction
for-zero time had been made. -Although the filmspeed had been nominally .24 frames per Becond,
asgpeed of 27 frames perBecond was found to.give good agreement ‘between ‘the observed.and
theoretical periods. ‘Becausesucha departure in filmspeed was ot considered unreasonable
for a camera that had not been intended for technical photography, thewave record was adjusted
accordingly. "This adjustment also brought the observed wave periods onHenry reef into agree-
‘ment ‘with dispersion theory.

-Observations of “wave periotds and relative amplitudes -on the ‘Henry reef ‘indicate :a node in
the'wave énvelope at about 285-wevonds. -As'both the theory of Reference 1 arid experimerntal
data of ‘Reference 58how that this is a feature of a‘wave that moves at.constant velovity froimn
the origin, it'was projected back to-show the time ut ‘which modes could be expected atStation
160,03 :and ‘at-U-4:8. "The :wave envelopes ‘were thien constructed through these Points and the
‘'wave records extrapolated out to the mode. "The Periods-of reconstructed waves "Werie &scer-
‘tained from dispersion theory.

The reconstructed curves are-shown in Rigure-3.1 together ‘with the partial records from the
EC -2, the-Coracle U-4.0, dnd the Henry reef. ‘Reconstructed:sections are indicsted by broken
lines.

“The ieniergy content of the first group of waves, ‘which may-be ronsidered.as tontaining the
‘prepondeérance of enexgy of the train, ‘was calculdted from the ‘reconstructed U-4.8 record. ‘In
thiis operation the waveform was considered as sinusoidal and the ‘witer depth.as infinite. For
‘waves near the front of the train, ‘where the €rror from the latter assumption miglt ‘be signifi-
cant, the wave amplitudes dreso low that their ‘contribution to the total enexrgy of the train is
insignificant. ‘The energy of the first wave group at-4;500-foot range was 1.3 X 102 ft~Ib. A
meaningful measurcment of the energy atStation 160.03.carnot be made, because the recorded
dniplitudes have undoubtedly been influenced by reflection of the :‘wave train from the nearby reef.

The amplitudes-shown in theBtation 160.03 record of Figure 3.1 have been vorrected for the
attenuation of subsurface pressire Que to water depth and ‘wavelength. “Referente 7 was used
for this purpose. 'No reférence of theshallow water to deep ‘wdter ‘wave heights has been made,
although this would be desirable to allow a direct comparison between stations. ‘An impulsively
generited wave train reépresents an unsteady-state condition, that is, the flow of energy past
any point is not constant but varies roughly as thesquare of the amplitide envelope. The tables
of Reference 7 that reliteshallow waiter to deep wiiter wave heéight have a constarnt energy flux
as their prémise snd are therefore not applicable to the transient case.

By way of illustration it can be-$hown that for the extreme case of referring the height of a
‘wave traveling in very-shallow water (C = vgh) to its height in deep water. Reference 7 gives

H _[X

Ho, V47h (3.2
Where: subscript o denotes the deep water condition

A = wavelength

Tt can be shown that this transformation does not conserve the eners, of the individual wave;
therefore, if the amplitudes of & wave train were adjusted according to Equation 3.2, the re-
~multing figure will not be represertative vf how the wave train would appear at the>same range
in deep ‘water, because the total energy will not be the same.
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An alternate premise :of considering the energy to be conserved within each wave reaches
the following conclusion:

7 _ I
H, " ¥27h (3.3)

A shallow water record referred to deep water by Eguation 3.3 will now show the same energy,
but the resultant curve still does not represent the wave train after travel to the same range
vver deep water, because the structure o the train (number of significant waves) has been
altered by shoaling.

1t appears, then, that any attempt 1o refer the record of Station 380.03 to deep water would
be misleading, and it is, therefore, left as recorded.

It should be noted that the referring of 2 record ¥rom one shaliow depth to another shallow
depth by the application of Green’s law does not result in these inconsistencies. ¥For shallow
water both of the afore-corsidered premises are prevalent. Bacause the €nergy is traveling
sat the phase velority, there is no dispersion.

3.1.3 Lomparison with Other Shots. Other shots which were held in comparable geometries
and for which data was zvailable were Shot Wigwam and Shot $147.3C of the Seal series Refer-
‘ence 2). ¥or eachof these the charge was submerged, and the water was suificiently desp s0
that the wave train was of oscillatory form without solitary wave characteristics.

3.1:4 Fhot Wigwam. The Wipwam data, which, Iike that from Wahoo, was obtained photo-
graphically, was reexamined, and the Same reconstroction measures instituted as for the Wahoo
roracle record. It was decided that analysis could best be hased on the motion of the TINB 12
at 5,520-foot range. ReconStructed data is shown in Figure 3.2. The dispersion data indicated
2 wave generation zero time of Shot time plus 10 seconds. This coincides with the time observ-
2d for the venting .of the explosion. Phase zeros, calculated according o Reference 1, were in
excellent agreement with those observed for major waves and also disciesed the following point
of primary significance: the first trough and crest which were sbhserved by Reference B were
actually preceded by .ancther full cycle and were, in fact, the Second generated trough and crest.
The energy -of ‘the first trough and crest was dispersed below an shservable level and, therefore,
could not be detected photographically against the scean background.

A wave .amplitude envelope was judiciously constructed for the first wave group and energy
‘measurement based thereon. The value calculated was 285 X 10% ft-Ib, which gives a wave-
‘making efficiency of -3:4 percent. Because this analysis considers more waves than that of
‘Reference 6, the efficiency is accordingly higher.

An.amplitude envelope, giving the Same node and maximum a5 that observed, was calcalated
according to Reterence 1. The initial condition assumed was a paraboleidal depression. The
dimensions indicated for the crater were a $90-foot radius and.u 322-foot depression at the
origin. -Agreement between the observed and calculated envelopes, -as shown by Figure 3.2,
‘was not.as good as that for Wahoo.

The pbserved group velocity, which is the velocity of the maximum -of the wave £nvelope,
was 51 ft/sec for Wahvoo as vompared to-46 ft/sec for Wigwam. According to Reference 1, the
group velocities for disturbances of the Same geometric type varied directly as the crater ra~-
dius. The lower group velocity for Wigwam is therefore due to the smaller lateral dimension
of its crater despite the fact that the system vontained more energy.

Tt should be borne in mind that the term “crater” might not be entirely applicable to Wigpwam,
because the great depth of submergente undoubtedly led to a breaking up of the bubble before it
reached the surface, as the multiple venting observed at the sSurfave would indicate. Also, ron-
densation of the gas bubble was probably significant in decreasing the potential of the System.
This would be compensated in part by induced upwelling of the sater surrounding the bubble.

The various papers of Referente 3 point out the rompléxities envountered in defining the
mechanics of an underwater explosion after the first expansion of the gas globe. Talculating

26

SECRET



the energy that may be converted to surface waves would seem to be almost a problem in prob-
abilities rather than the application of the usual form of empirical scaling equation. The fol-
lowing derivation, then, should be considered as giving only an indication of what results might
be expected from explosions below the lower critical submergence.

The energy contained in a large underwater bubble is directly proportional to its volume and
submergence.

Q =437R Zpg (3.4)

energy, foot pounds; subscript b denotes bubble property
radius of generative condition, feet

Where: Q
R

H the requirement for geometric similarity of submergence of bubbles is Z « R, then

Q < R (3.5)
Assuming the efficiency of bubble formation to be constant with yield;

Q « W a R (3.6)

The first step in establishing a scaling rule was to explore the variation of wavemaking effi-
ciency, with relative submergence. The function QW/W was plotted against Z/W\A in Figure
3.3 for Wahoo and Wigwam. The line connecting the data showed the relationship.

% Z -1 wl'/i‘
w W or Qu « 2 3.1

Where: subscript W denotes wave train property

Because the objective is to relate this function of Qg with the maximum wave height observed
at any Tange, an assumption was necessary as to how H varied with r for deep water waves.
Lacking indicative experimental data, it was assumed that Hr = constant, which is in agree-
ment with Reference 1.  The function of Br with Qg was determined by plotting Hr versus
W94 3in Figure 34.

Hr = 1.08 {10%) W¥/R 1A (3.9
The nature of the protiem and the reliability of the data make it advisable to change the expon-
et on "W 40 the more convenient Y, , in which case the relationship becomes

Br & 137 Q0% WA zTVe (3.9)

As previously poinied out this jormila should not be considered 1 give more than an indica-
ton of whst resulis might de expecied Irom explosions ssbmerged in deep water. X should not
De applisd 1o explosions above the Jower Tritical Sthemerpence or hear the bottom or to small-
Bcale ERplosions.

3.1.3 Project Seal. Series 147 of Project Seal intloded the detomation of 4.25-1b TNT
TIRIPeS Xt VAIVing Submergence in 2 water Jdegth of 13 feet. Refereave 2 inclades the actual
Teoord Iroem one of the shots, 14V.3C, which was at the observed lJower critical subenergence
of 4 Jout. The Tedurd was analyasd Trom the standpoist of the theory of Reference 1, and en-

The Teoord Trom Shot 14730 consisted of amplitode-time curves at ranges of 50, 136, 172,
und 387 Jeut, plotted stmultaneously. The Tecords at The tWD ReaTeY Tanges were undistarbed
Incrensingly difficalt. The Tecords at I72 and 187 Jewt 'were Aisturbded by rellections aven de-
Jore their Hiret sodes. Bocause of Thode Returbanoes, 2 theoretical weve wvelope was Tited
1o the TeareS! Yeoord IRlY, At Pase IeTos were calouisied Jor Just the two nearest Tecards.

-0 e mevaral nitial displavemoris Jisoessed In Nulerante 1, the paraboioid vields a wave
SoAreulome oSt ke Dt shawrved in St HYSC. Tims 1he sulouiation of a theorstical suvelape
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was based on a depression whose radial dimension was chosen so that the theoretical node fitted
the observed node. The agreement between the envelopes predicted and observed was not en-
tirely satisfactory, the observed maximum occurring later in the first group than predicted.
Also predicted, but not observed, was a bore whose amplitude was approximately half the maxi-
mum amplitude of the first group.

The energy of the wave train at 50 feet was found to be 8.25 X 10% ft-1b, Equating this to the
energy of a paraboloidal depression, 7/6 p g (R7)?, where 1 = amplitude, with R = 11.1 feet
as determined from the position of the first node, 7 = 4.46 feet.

The calculated phase zeros, which are independent of the initial disturbance, were in excel-
lent £it throughout the entire first group at 50 feet, and throughout most of the first group at
126 feet. .

To compare Shot 147.3C with Wahoo and Wigwam, the scaling law given by Equation 1.2 was
used. Although the atmospheric pressure influences the radius of the bubble formed by a given
explosion, the energy that may be transferred to the surface waves from a given size bubble is
quite independent of atmospheric pressure. The energy equivalence between the bubble, tangent
to the stillwater level, and surface waves, then becomes

€ 4/37R'pg = Qy (3.10)

where €, is the efficiency of the process, assumed constant.

The energy of the wave train measured at the closest station was 8.25 x 10* ft-1b. Substitut-
ing this value in Equation 3.10 and assuming 100-percent efficiency gives R = 4.21 feet, in good
agreement with the actual submergence. This result is highly encouraging, because this par-
ticular shot was found experimentally to lie at a critical submergence. Substituting R = 4.21
feet for Z,, in Equation 1.2 and solving for the efficiency of conversion of chemical energy to
bubble potential, €,, gives

€, = 11 percent . (3.11)

An energy equivalence of 1.5 x 10° ft-1b/1b of explosive was used. The charge contained 2
ounces of primer in addition to 4%, pounds of TNT, so the weight of explosive was 4.38 pounds.
The efficiency calculated above compares with the value of 40 percent assumed in Reference 3.
It must be observed that €, includes approximately (€,)¥*, but this value should be much near-
er to unity than the observed discrepancy would indicate.

Figure 3.5 was constructed on the form of Equation 1.2, using the above-derived efficiency
of 11 percent, and it scales the lower critical submergence observed for Seal up to the yields
of Wahoo and Wigwam. The datum points plotted for the two nuclear shots indicate that their
submergence was below the lower critical; therefore, the radii of the bubbles reaching the sur-
face were well below the maximum possible for their yields. The transition from cube root to
fourth root scaling is illustrated by Figure 3.5, the asymptotes of the equation being plotted.

No account has been taken here of the probable inequivalence of effects between chemical
and nuclear explosions.

3.1.6 Inundation Data. Inundation data for Wahoo was obtained by a postshot survey, which
Toted the heights reached by water and extent of penetration inland. These observations together
with selected photos of inundation effects are contained in Appendix A. Sites Irwin and James
were completely inundated. The heights to which debris was noted to be lodged in trees were
as great as 15 feet. Runup on adjacent islands was 5 to 9 feet above tide stage.

Reference 4 observed that the breaker height at the beach was approximately 2.5 times the
crest height recorded in 60 feet of water affshore. The James recorder showed a maximum
crest height of 9.3 feet in 53-fool water depth. This represents a breaker height of about
23 feet, which agrees well with the observed inundation levels on the island.

3.2 SHOT UMBRELLA
3.2.1 Data Obtained. Stations at which data was obtained from Shot Umbrella are shown in
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Figure 2.4. Usable records were from the three turtles, the DD 593 gyro-inclinometer, Sites
Henry and Elmer Mark VIII stations, and from Project 6.8 Platforms P1 and P3.

3.2.2 Data Reduction. All subsurface pressure-time records were corrected for the attenua-
tion due to instrument depth and wavelength. This correction itself introduces a certain amount
of distortion into the record wherever the rate of change of period is great. This occurs at the
first crest and at envelope nodes where the phase reverses. Corrected records from the three
turtles and Platform P1 are shown in Figure 3.6.

The slope record from the gyro-inclinometer was numerically integrated to give a surface
displacement record. Here a drifting base line in the original record complicated the problem.
A new base line was established by arbitrary means prior to integration. Because the form of
the displacement curve is highly sensitive to the particular base line established, the record
can only be evaluated for period and an indication of maximum wave height.

The energy for the wave train was calculated, assuming radial symmetry and shallow water
velocity (Table 3.1). " Records of shallow water explosions always commence with a crest that
arrives at a station at a time earlier than that predicted for a shallow water wave or even for
a solitary wave if calculated from the origin at zero time. Reference 4 concludes that this first
crest is the result of a water crater lip that is already advanced in range at the time taken as
zero for wave generation. As the shallow water depth results in very little energy dispersion,
energy of the remainder of the train following the first crest is considered equivalent to the
potential energy of the water crater. Taking energy measurements at the closest range station,
the dimensions of a water crater can then be calculated. For very shallow water, the assump-
tion that a cylindrical cavity extends to the lagoon floor is as good an approximation as any and
enjoys the advantage of simplicity. Table 3.1 also shows crater radii calculated from the three
turtle records. This is plotted versus yield in Figure 3.7, together with data from other nuclear
explosions. It is seen that the Umbrella crater radius is very near the extrapolated curve for
the Redwing surface shots, in contrast to other submerged shots that fall well above this line.

As the Redwing results showed W/2 hg? to be directly proportional to the wave energy for
surface shots, this function was also plotted as Figure 3.8, and the Umbrella data again coin-
cided with the surface shot data. A scaling law was then derived for surface explosions, using
the Umbrella data to extend the curve to lower yields.

Wave height versus range data was plotted in Figure 3.9 for well-documented lagoon shots.
The maximum crest height was used and referred to the depth of generation by Green’s law.

It is necessary that the reference depth be a generation parameter rather than an arbitrary

value, in order to allow comparison between shots fired in various depths. For each shot, a
line was drawn defining Hor™ as constant. The exponent, n, varied from shot to shot but the
average value was 0.86. H.r"'® was assumed to be a function of Q and was therefore plotted
versus W'2h? in Figure 3.10. Each datum point in this figure represents an observation at
a particular station for a particular shot. The scaling equation derived from Figure 3.10 was

Her™® = 25 hg Wi/t (3.12)

As for previous scaling equations, caution should be exercised in applying it to conditions out-
side the range of data from which it was derived. Especially, as the ratio of crater radius to
water depth becomes less, the approximation of a cylindrical initial depression becomes less
valid.
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Henry and Elmer Mark VIII stations, and from Project 6.8 Platforms P1 and P3.

3.2.2 Data Reduction. All subsurface pressure-time records were corrected for the attenua-
tion due to instrument depth and wavelength. This correction itself introduces a certain amount
of distortion into the record wherever the rate of change of period is great. This occurs at the
first crest and at envelope nodes where the phase reverses. Corrected records from the three
turtles and Platform P1 are shown in Figure 3.6. '

The slope record from the gyro-inclinometer was numerically integrated to give a surface
displacement record. Here a drifting base line in the original record complicated the problem.
A new base line was established by arbitrary means prior to integration. Because the form of
the displacement curve is highly sensitive to the particular base line established, the record
can only be evaluated for period and an indication of maximum wave height.

The energy for the wave train was calculated, assuming radial symmetry and shallow water
velocity (Table 3.1). 'Records of shallow water explosions always commence with a crest that
arrives at a station at a time earlier than that predicted for a shallow water wave or even for
a solitary wave if calculated from the origin at zero time. Reference 4 concludes that this first
crest is the result of a water crater lip that is already advanced in range at the time taken as
zero for wave generation. As the shallow water depth results in very little energy dispersion,
energy of the remainder of the train following the first crest is considered equivalent to the
potential energy of the water crater. Taking energy measurements at the closest range station,
the dimensions of a water crater can then be calculated. For very shallow water, the assump-
tion that a cylindrical cavity extends to the lagoon floor is as good an approximation as any and
enjoys the advantage of simplicity. Table 3.1 also shows crater radii calculated from the three
turtle records. This is plotted versus yield in Figure 3.7, together with data from other nuclear
explosions. It is seen that the Umbrella crater radius is very near the extrapolated curve for
the Redwing surface shots, in contrast to other submerged shots that fall well above this line.

As the Redwing results showed wi/z hg2 to be directly proportional to the wave energy for
surface shots, this function was also plotted as Figure 3.8, and the Umbrella data again coin-
cided with the surface shot data. A scaling law was then derived for surface explosions, using
the Umbrella data to extend the curve to lower yields.

Wave height versus range data was plotted in Figure 3.9 for weli-documented lagoon shots.
The maximum crest height was used and referred to the depth of generation by Green’s law.

It is necessary that the reference depth be a generation parameter rather than an arbitrary

value, in order to allow comparison between shots fired in various depths. For each shot, a
line was drawn defining H.r as constant. The exponent, n, varied from shot to shot but the
average value was 0.86. H.r%® was assumed to be a function of Q and was therefore plotted
versus W12 hg? in Figure 3.10. Each datum point in this figure represents an observation at
a particular station for a particular shot. The scaling equation derived from Figure 3.10 was

Her'% = 25 how'/t (3.12)

As for previous scaling equations, caution should be exercised in applying it to conditions out-
side the range of data from which it was derived. Especially, as the ratio of crater radius to
water depth becomes less, the approximation of a cylindrical initial depression becomes less
valid.
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TABLE 3.1 WAVE DATA, SHOT UMBRELLA

Wave Energy, Radius of

Station Range Wav; Et:frgy ! Excluding Cylindrical
° First Crest Crater
Tt ft-1b ft-1b ft

163.01 1,700 18.2 x 10%° 7.6 x 101 187
163.02 1,350 18.5 x 10 10.0 x 10% 215
163.03 1,750 12.0 x 10%° 7.3 x 101 184
Project 6.8

Platform 1 8,300 7.4 x 101? 6.3 x 10%° *

Platform 3 44,700 8.8 x 101 8.5 x 10%° *

* Not applicable because of energy dispersion.
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Chapter 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

Study of Wahoo waves and other deep water wave trains has indicated an area of agreement
between the theory of Reference 1 and observation. The amplitude envelopes could be approxi-
mately described by paraboloidal source conditions whose dimensions were of the same order
as those observed photographically. The primary uncertainty is in the factors determining the
aspect ratio of the initial disturbance.

The complex mechanics of underwater gas globes indicate that the derivation of a wave
scaling law for bubbles that vent at a time much greater than the first expansion is perhaps
unrealistic. However, perhaps a formula based on past observation will indicate the order of
magnitude to be expected. Experiments with detonations venting upon or before the first ex-
pansion of the gas globe should meet with successful empirical analysis.

Examination of model laws has indicated the feasibility of exploring the generation param-
eters on a much smaller scale than Wahoo and Wigwam. Although the transition from cube to
fourth power scaling of bubble energy with yield has been defined in Reference 3, it does not
seem to have been given much regard by students of explosion waves. Ignorance of this func-
tion of atmospheric pressure has led to gross errors in previous attempts at scaling from
=mall chemical explosions.

The height reached by inundating Wahoo waves on Site James was in the same ratio to the
offshore crest as that observed during Operation Redwing. Scaling of shallow water wave height
from deep water explosions, however, presents a complex problem.

The waves generated by Umbrella were not significantly different from what would have been
expected from a surface explosion of the same yield. Because all other submerged shots have
exhibited a marked increase of wavemaking efficiency over that for a surface shot, it must be
concluded that the proximity of Umbrella to the bottom was the unique circumstance that made
it the exception. Inclusion of the Umbrella data with that of Redwing surface shots has led to
a scaling formula of perhaps wider applicability.

The extent of penetration inland of inundation waters was inconclusive. Those islands directly
hit were totally inundated. Those only partially inundated were situated so that their beaches
were at a small angle to the bearing to surface zero. The impinging waves underwent consid-
erable refraction and consequent energy dispersion.

4.2 RECOMMENDATIONS

The effort in future tests should be concentrated on direct measurement of generative
parameters as well as generated phenomena. Measurement of crater dimensions in deep water
explosions could perhaps be accomplished by sonar systems. The feasibility of such sonar
instramentation should be studied. Examination of bottom cores from shallow water explosions
would probably yield valuable information regarding the crater shape before wash-back of
material during water crater collapse. The proximity to surface zero at which waves are
recorded must be pushed to the limit.

Instrument development must stay abreast of documentary requirements. The insufficient
allotment of time for this purpose, which extended contract negotiations have imposed upon the
pust qporstion, mmst not amper future programs. Otherwise, compromise of the objectives
will again be the inevitable resalt.
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Appendix A
INUNDATION DATA

Included in this appendix are charts of Bites Glenn, Henry, Irwin, James, and Keith, showing
the extent of inundation from Bhot Wahoo, and the movement of large objects due to this inunda-
tion. Also included are selected pre- and post-Wahoo comparison photographs of Sites Henry,
Irwin, James, and Keith, and photographs of the arrival of the firat three Wahoo crests at the
James-Irwin reef.

Inundated areas are shown on the charts by hatching. On these charts the island boundary
is. given by the high tide line, which is 5 feet above a datum approxtmately 1/2 foot below mean

low water springs.
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Appendix B
A TECREFPANCY W ENERGHES A5 RREDICTED BY RETERENCE 1

It taas been nottced that in the theory of Neference 1 the snergy costaiwned 1 the predicted wave
train is approxtmstely twice the swergy of the initinl water creter postulated.as the ssurce of
the wave tywin.

“The petestial energy W of a cylisdrically symmetric stevation E(r) in the surfave of an
ocean of infintte sxtent is

W= pg r () v @®.1)
0

“"The -enexgy -of a tdesp water wave train whose rrests wwd treughs uare sach stnuscdial 15 piven
by

Q = pgr T By ®.2)

where H,, -i5 the height wnd B, ‘the mlf-perisd of the 1! crest or treugh.
Wow the wuves predictsd by Wefererice 1 ure of the form

wos 2 7 (t/T — T/A) {B.3)
“They mmy be cornskiersd dosp water wuves when

h/A— (o/27) > Y, {B4)
Under this condition ¥guation B.3 becomes

tos (g/4r) t? {8.5)
The energy of the nt! crest or treugh of Byuation B.5 15

Q= 2rp£CIr/2eo§(zﬁr)ﬂm _ {B.6)

Coumpirison of the results of numerioal timegrution -of Dgaution B.5 with Dewitten B.2 whows
that, for waves whose lmii~period-is less than their age, Sywition B.2 is a geed weprextamtion
{within 5 percent) for Byuntion B.6. (The age of the wuve could be delined xs the thme Trem the
initial disturbance until the first plmee ¥ero of the watve. ) Thus, if the wirves oun be convlilered
to be in deep water, they van be considerad sinusoithl for the purpose of tnergy Saloudrtions.

The following is given a8 a numerival vwnuple of the discrepuncy. AS an Withal dsrrence,
a puraboloid is taken wiose yadiusis R = 785 feet, und whose mantwwm depth i5 77 = 213 feet.
The potential energy of this paraboloid is, from Wywation B.1,

W =18pgRT = 9.4x10" ft-1b (B.7)

Rowever, by Equation B.2, the snergy of the calculated wuves in the Ifrst growp is
Q = 17.4 X 10! ft-]1b. The inclusion or an estimate of the energy remaintng in the following
(muwch swmaller) group results in W = 1, Q.

A Sniiar Sneugy GHICTUPINRCY -Dan Be Teon tn the SUENpies (CyRNtrioal vhrvation, Sl pwsh-
oloiial Tmputse) given tn Neference 1.
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