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ABSTRACT

—2The shock loading in ships and the response of shipkoard machinery were measured during

Shots Wihoo and Umbrella to: (1) determine safe- and shock-damage ranges, particularly
with respect to saipboard machinery and equipment, for delivery of antisubmarine nuclear
weapons by destroyers and submarines; (2) dotermine‘the intensity and character of the
shock motions on a submarine and on a merchant ship under quasi-lethal attack by an un-
derwater nuclear explosion; and (3) acquire shock-motion data and correlate such data with
other measurements and with theory in order to extrapolate the results to other attack
geometries. —> - . ;'

Seven ships, a submarine model (8quaw), and a barge (YFNB) wz.re equipped with 349
velocity t{me recorders and shock spectrum recorders and 44 high-speed motion~picture
cameras. The primary target ships were three destroyers-—DD474, DD593, and DD592
~—and a merchant ship, EC2. These ships were taken from the reserve fleet. The main
and auxiliary machinery in the destroyers was carefully overbauled and activated for the
operation. Much of the remaining equipment including all electronic equipment was re-
moved. The equipment in the EC2 was neither overhauled nor activated. The remaining
instrumented ships consisted of two commissioned destroyers and a submarine.

For Shot Wahoo all of the instrumented ships with the exception of the Squaw and barge
were employed. Complete shock motion data 'vas obtained on only five of the seven ships,
owing to the failure of radio-transmitted instrument-starting signals on the DD474 and
DD&92. The EC2, brosdside at a range of 2,400 feet from surface zero, was immobilized;
the main and auxiliary « Juipment was ccmpletely disabled although only minor hull damage
occurred. Propulsion machinery on the DD474, the nearest destroyer, at a range of 3,000
feet, was somewhat misalined a. a result of deformation of holddown bolts and bracketas.
Electronic and orduance equipment was damaged on operating destroyers at ranges as far
as 18,000 feet from surfacc zera. For ships located more than about 4,000 feet from sur-
face zero, the shock motions produced by a pressure wave reflected from the ocean bottom
were more severe than the motions produced by the shock wave transmitted directly from
the burst. The operating submarine SSK3, at periscope depth at a range of 18,000 feet re-
ceived light damnage.

Seven unmanncd target ships were employed for Shot Umbrella, including DD474, DD592,
DD533, 3SK3, and ECZ, which had previously participated during Wahoo. In addition,
Squaw 29, a ‘/;-acale short mode! of the S5563 class of submarine, was placed in the array
and submerged to periscope depth. Some [nstruments were installed 0 measure the shock
motions of YFNB1Z, the [nstrument barge used for housing recording and control equipment
for Squaw 29.

Data was obtained on all targets during Shot Umbrella.

Light damage occurred
on the DD592 at a range of 3,000 feet. Additional damage occurred to the EC2 (which had
received immobilizing damags during Wahoo) at a range of 1,700 feet. Squaw 29, at a dis-
tance of 1,840 feet, was within the range of immobilizing damage. Only light damage oc-
curred on SSK3, submerged to periscope depth at a range of 2,800 feet.
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The following conclusions with respect to shock damage to machinery and equipment
were drawn.

1. The shock damaging ranges for ships from underwater explosions depend greatly on
the design and condition of the machinery and equipment as well as on charge size, burst

depth, water depth, and the llke. =~ ' ' /v ol e s de e
2. Immobilization of a destroyer would be expected to occur at a range of 2, 900 feet

from a . device detonating in isoveloci‘y water at a depth of 500 feet. Ranges are

given as horizontal ranges from surface zaro to the center of the ship. Y

3. Temperature gradients in the water increase or decrease the damage ranges,'e.g.,
at Eniwetok the range for moderate damags was 10 percent less than the above value. At
Bermuda in January the expected range would be 7 percent greater.

4. Immobilization of a destroyer would be expected to occur at a range of 1,800 feet
from a device detonating on the ocean bottom at a depth of 140 feet.

5. Information on shock damage on operating submarines is scant, and estimates of
damaging ranges for submarines are subject to a large element of uncertainty. However,
it is estimated that immobilization of a submarine would be expected to occur at a range
of approximately 1,750 feet from a Jdevice detonating on the ocean bottom at a depth
of 140 feet, if th: submarine were submerged to a depth of 50 feet to the keel.

6. The range of immobilizing damage for a submarine submerged to a keel depth of 50
feet in isovelocity water at least 3,000 feet deep, dellvering a . device that detonates
at a depth of 500 feet, is estimated to be 3,300 feet for a broadside submarine.

7. Submarines at periscope depth and surface ships will be disabled by shock damage
to ship equipment at ranges at which no significant hull damage occurs.

8. Supports for propulsion machinery on World War II destroyers are particularly
susceptible to shock damage from nuclear explosions.

9. Gyrocompasges are vulnerable to shock at low shock levels.

10. In general, the propulsion and navigational machinery on merchant ships is partic-
ularly susceptible to damage from underwater explosions. This results in part from the
use of brittle materials and in part from the lack of consideration of shock resistance in
design.
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N FOREWORD

Al ‘

E:j:w:: This report pressnts the final results of one of the projects participating in the militafy-
r‘:" effect programs of Operation Hardtack. Overall informaticn about this and the other

: w.iltary-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

§

\\‘,(,\n detonation with its yield, type, environment, meteorological conditions, etc.; (2) maps
f",\ showing shot locations; (3) discussions of results by programs; (4) summaries of objec-
'5 s tives, procedures, results, etc., for all projects; and (5) a listing of project reports for
v::«: the military~effect programs.
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INTRODUCTION

The overall purpose of this project was to obtain data on the effects of nuclear explosions
on ships, particularly from the standpoint of shock damage to machinery and equipment, to
be used to check theory and to increase the knowledge of shock pheromena and effects.
Accomplishment of the purpose would enable more reliabie prediciians of the effecta of
nuclear attack and increase the reliability of extrapolation to other attack situations. In
additien, it would provide design information that might be used as a better basis for “shock

hardening” of ships.

1.1 OBJECTIVES

The specific objectives of the project were as follows:

1. To determine safe ranges and ranges for moderate damage for delivery of antisub-
marine nuclear weapons by destroyers in shallow and in deep water, particularly from the
standpoint of shock damage to vital machinery and equipment.

2. To determine safe ranges for delivery of antisubmarine nuclear weapons by subma-
rines in shallow and in deep water, particularly from the standpoint of shock damage to
vital machinery and equipment.

3. To determine the intensity and character of shock motions on an EC2 merchant ship
at quasi-lethal range for the hull under nuclear attack in both shallow and deep water.

4. To determine the intensity and character of shock motions on a submerged subma-
rine mcdel (Squaw) at quasi-lethal range under nuclear attack in shallow water.

5. In general, to obtain shock-motion data on ship struciure, machinery, and equip-
ment for correlation with observed pressures and theories so that the results of available
nuclear tests can be extrapolated to other geometries and ships.

1.2 BACKGROUND

A ship may be rendered {noperative by heavy hull damage or by the disruption of vital
equipment through mechanical shock. Such shock may be caused by the underwater explo-
gion of a chemical or nuclear weapon. Some ir.formation on shock from underwater nuclear
devices was obtained during Operations Wigwam and Crossreads. Operation Hardtack af-
forded an opportumty to extend the data and to permit a more reliable extrapolation to
more generalized attack conditions.

The shock problem was brought sharply into focus at the beginning of World War IT At
that time, equipment was disabled by shock waves produced by the remaote explosion of the
newly developed German influence mines. In order to better define the problem, some
measurements of shock motion praduced by near-miss explosions were made during thz
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war hy the David Taylor Model Basin (DTMB). The test vehicles, a2 submerged submarine
and several destroyers, were subjected to simulated attacs by depth charges (References
1 and 2).

It was soon realized that these few measurements were insufficient and that a more
basic approach fo the problem was needed. The scope of the problem is indicated by the
many variables, such as the differences in type of structures to which equipment is at-
tacted on a ship, types of construction and materials in equipment, types of ships, size
and composition of weapons, depth of water and type of bottom, as well as differences in
attack geometri€s. A thorough understanding of shock phenomena and the response of
ship’s equipment and mechanical systems was necessary. To achieve understanding,
measurements on different types of ships with both nuclear and chemical devices are
necessary.

A study of the shock motions produced by underwater explosica or airburst of a nuclear
device was first made by DTMB during Operation Crossroads. During this operation, suc-
cessful recordings of the shock motions as a function of time at several locations were
made on four APA’s, essentially merchant-type ships (Reference 3). In addition, a few
recordings were made of shock spectra on these and other target ships (Reference 4), How-
ever, the target instrument effort for Operation Crossroads was small, compared to that
planned for Hardtack.

More extensive data on shock from underwater detonation of a nuclear device was ob-
tained during Operation Wigwam {References 5 and 6). During Wigwam, simplified sub-
mavine targets (Squaws) were used in place of actual submarines. Instrumental measure-
ments were obtained of the sheck motion produced in the targets, which were equipped
with weights simulatirg main machinery. Inasmuch as three YENB instrument barges
were the only surface ships in the test array, they were also instrumented.

The Wigwam tests showed that there were several successive shock-excitations of the
targets. At close ranges the shock wave transmitted directly through the water produced
the greater shock motion; however, at longer ranges a later motion caused by a shock wave
reflected from the ocean floor was nearly as severe as that due to the direct wave, The
vertival motions of the YFNB's were observed to be approximately that of the computed
vertical motion oI the surface water near the barges.

During 1952 and 1453, underwater shock tests were conducted on a fleet-type submariae,
USS Ulua (S8428), with conventional high-explosive charges (References 7 through 11). For
these tests, the ship was submerged to periscope depth, and depth charges were detonated
at various ranges. Unfortunately, the ship was incomplete at the time of the test, very few
items of equipment were installed. Consequentiy, insufficient information as to the vul-
nerability of equipment was obtained. The tests did indicate that an operating submarine
would be disabled as a result of equipment damage at a range more than twice as great as
that required to rupture the hull. In Reference ¢ comparisons of shock effects on a sub-
marine from conventional and nuclear weapons were made.

Underwater-explosion shock tests have been conducted by D'TMB on a variety of urface
ships. Tests with conventicnal explosives were made on the !.S§ Niagara (APA8T), a for-
mer Crossroads target (Reference 12), USS Boston (CAG1) (Reference 13), on a ceries of
wooden-huli minesweepers (Reference 14), and on one of the YFNB's prior to Operation
Wigwan (Reference 15). In the last test, an attempt was made to approximate, with a con-
venticnal explosive, the shock produced during a nuclear test.

During December 1957, underwater-explosion tests were conducted on the USS Gyatt
(DDG1), ex DD712. For these tests 1,800-nound spherical charges of TNT were detonated
ai progressively smaller ranges from 565 to 320 feet. Although the primary purpose of
this test was to evaiuate the shock strength of the missile system, instruments were
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installed in posiilons similar to those on the Hardtack destroyer targets. Bacause Gyatt
was similar in construction to the Hardtack destroyers, the data obtained (Reference 1G)
is of value in cormparing the shock produced By spherical charges and nuclear weanoas.

Data frormn the Oyatt test was compared with that obtained during the Operation Hardtack
Project 3.1 tapered-charge tests on DD592 in January 1958 (Reference 17) off Santa Cruz
Island; California, in which DTMB participated.

In October 1957, underwater-exrlosion tasts were conducted against a modified Liberty
ship (Reference 18). During these tests, simulated large mines were detonated at ranges
up to lethal for the hull. M~asurements were made of the shock motion at some positions
similar to those instrumented on the EC2 for Hardtack.

1.3 THEORY

Estimates of the effects from Shots Wahoec and Umbrella, which were needed for the
placement of ship targets, were based primarily on thesresults of twc previovs nuclear
tests, Operation Wigwam and Shot Baker of Operation Crossroads.

1.3.1 Shot Wahoo. In Operation Wigwam a device with a yield of about 32 kt was fired
at a depth of 2,000 feet in water approximately 15,000 feet deep. The pressure field pro-
duced in the water some distance from the explosion was found to be similartothepressure
field expected from a charge of 46 million pounds of TNT (65 percent of the calculated
yield), and the shock wave was found to propagate outward from the explosion along acous-
tic ray paths (Reference 19). A pressure wave reflected from the ocean bottom was ob-
served, and the effects of the reflected wave could be explained by assigning an average
reflection coefficient (pressure ratio) of about 20 percent to the ocean bottom. The meas-
ured bodily motions of the targets (Squaws ana YFNB’s) were found {Reference 6) to agree
fairly well with the vertical velocity of the water near the targets, computed from free-
field prassures,

The 8ize of the bomb used for Shot Wahoo would cause lower peak pressures at
a given standoff, and its shallower placement would decrease the duration of the pressure
pulse before cutoff due to surface reflection. The effects of the initial shock wave were
thus expecied to be considerably less severe at a gi?en range than for Wigwam.

The depth of water for Wahoo, however, made the bottom reflection of greater
importance, inasmuch as it caused the shock wave to
be reflected more obliquely 11um the ocean bottom. It was also believed that the coral pot-
tom might have a reflectiun coefficient approaching 100 percert at oblique incidence.

Ne siguificant airblast effects were expected.

1.3.2 Shot Umbrella. Comparison between Umbrella and Shot Baker of Operation Cross-
roads was not as clear cut as the comparison between Wahoo and Wigwam. Pressure-time
results trom Shot Baker were not sufficient to allow measured ship velorities to be corre-
lated wath impulses, and the peak-pressure data indicated that the pressure field was
strongly influenced by noniinear surface and bottom effects.

Several significant phases of shock motion were observed during Shot Baker. The first
mouson of the target ships was gradual and upward. It was associated with the transmission
of a wave through the bottom of the lagoon. This phase was followed by motions due to the
direct shock wave and to a reflection from the bottem, Other unidentified motions were
apparently associated with reilections from harder layers below the lagoon:bottom or with
crosure of cavitation. Motions produced by airblast from a shock wave produced in the air
at the surface of the lagoon were also observed.
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_the Umbrella charge was fired on
the botltom in about 140 feet of water, whereas the charge for Shot Baker was fired at 90-
foot depth in 180 feet of water. The results of the differeace in depths and the effects of
the bottom were difficult to assese. On the basis of Crossroads observation (Reference 3)
it seemed possible that the impilse to cutoff at the bottom of a target ship, computed from
purely acoustic (linear) theory, would be a reliable indication of the momentum acquired
by the ship (Section 1.4.1).

Alrblast eifects for Umbrella were estimated to be lesa severe than for Shot Baker and
to be less significant than underwater-shock effects at any range.

1.4 SELECTION OF TARGET RANGES

The ranges for the target ships in Wahoo and Umbrella were established mainly by a
special positioning panel sponsored by Armed Forces Special Weapons Project (AFSWP).
{The panel consisted of CAPT C.G. Mendenhall, USN, Chairman; LCDR J. F. Clarke,
Secretary; CDR R.C. Gooding, USN; Lt Col E. Pickering, USA, or his alternate, CDR
R. Gonzalez, USN; A.H. Keil; W.J. Sette; and W.J. Thaler.) Placement of the EC2 was
governed by hull-damage considerations as predicted by the Underwater Explosions Re-
search Division of Norfolk Naval Shipyard, and the placement of Squaw 29 and SSK3 is
described in Reference 20. It is instructive to review here some of the considerations
entering into the selection of the ranges for the three unmanned destroyers.
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1.4.1 Target Positions, Shot Wahoo. Placement of the target destroyers for Wahoo was
based on Wigwam results. Reference 6 reports that the peak vertical velocities measured
on the YFNB instrument barges during Operation Wigwam were approximately equal to the
calculated vertical velocity of the water displaced by the barges. Although other experi-
ence indicated that, owing to overshoot in dynamic systems, peak velocities measured on
a ship’s structure could be greater than the bodily velocity of the ship, it seemed desirable
nevertheless on a tentative hasis to adopt surface water velocity as a criterion of damage
potential. The concept of shock factbr used for esiimating shock velocities produced by
chemical charges seemed inappropriate because of the lack of a simple relationship be-
tween shock factor and velczity in the Wigwam test results.

As indicated in Reference 8, the peak upward velocity of a small floating body can be
calculated by dividing the impulse in the initial pulse of pressure by the mass of the body,
as determined by the water it displaces. For the gpecial case of a slowly decaying shock
wave of peak pressure p, which is cut off at time T, the impulse per area is given ap-
proximately by p,T, and the resulting upward velocity may be written

-
>
-

o
-
“.
~
o)

V = -5-0- cos 6 (1.1}

if T is taken as the cutoff time at the bottom of target. Equation 1.1 is recognized as the
vertical velocity of the surface water in the acoustic approximation,

Where: p, = a computed peak free-field pressure

p = density of water
¢ = the velocity of sound in water ]
© = the angle of incidence of the shock wave at t*e water surface, measured be-

tween the direction of travel of the shock wave and the vertical
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In the absence of refraction effacts, p, can be computed from standurd TNT formulas
for a charge of W pounds of TNT at depth'd ia feet and slant range from the surface R in
feet. The equation for the bodily motion of a target thén becomes

V =620 — ft/aec (1.2)

In accordance with Wigwam results, the TNT equivalent for Shot Wahoo was taken as
parcent of the calewated yield. _

The fevels of velocity corresponding to various degrees of material damage from shock
were knovn only approximately. Available dats suggested that damage to combat ships
would be immobilizing above 10 ft/se¢, that operational damage that would prevent the ship
from carrying out her missien effectiveiy would occur between 5 and 10 ft/sec, and that
moderate to ligh. damage would occur helow § ft/zec. Accordingly it was believed that the
DD474 should be placed at 2 range where the estimated velocity would be greater than 5 and
less than 18 ft/sec.

The above estimates relating velocity with damage were unfortunately based on only a
small amount of experimental data obtained during explosive tests on ships that were car-
ried into the range of heavy damage to equipment. No very damaging shock tests have been
conducted on operating U.S. combatant ships. The correlation is consequently based large-
ly on British test data.

Another consideration governing the placement of the destroyers was the danger of shock
resulting from the preseure wave reflected from the bottom. If the bottom were hard, the
reflected wave was expected to produce greater vertical velocities than would the direct
shock wave, because it would strike the targets less obliquely. It -seemed-desirable to
spread out the array to large enough ranges so that a strong reflected wave could not do
much damage to the most distant target.

One other requirement was that all three of the target destroyers be returned to the
Reserve Fleet upon completion of the tests. It was hoped that widespread shock damage
could be achieved without significant hull damage.

it wag decided early in the planning of Operation Hardtack that one of the destroyers
should be broadside. Crossroads data seemed to indicate that ships broadside to the charge
were more susceptible to shock damage than were end-on ships.

In view of the various factors above, it was agreed by the positioning panel that the first
destroyermshould be end-on at 3,000 feet. At this range, Equation 1.2 predicted a velocity

‘or the direct wave and a velocity for the wave reflected from the
otean bottom, assuming a reflection ccefficient of 60 percent. It was feared that hull
damage might occur at a cloaer range.

A range of 5,000 feet was selected for the broadside destroyer. At this range the shock
motions resulting from the reflected wave were expected to be considerably mere severe
than those from the direct wave. However, response to the direct wave was expected to
yield information bearing on Project 3.1 tests off Santa Cruz Island earlier in the year
(Reference 17).

The third destroyer was placed at 9,000 feet for the study of radioactive fallout. At
this distance the effects of the direct wave would be negligible and the reflected wave would
do little damage even if the reflection coefficient were higher than estimated.

Table 1.1 ltsts briefly some of the preliminary estimates of shock intensity at target
locations originally chosen for the teat. The values shown in the table were computed from
Equation 1.2 and do not include effects due to refraction of the shock wave: Refraction ef-
tects for the direct wave were estimated to cause a lowering of the vertical velocity by
about 5 percent at a range of 2,300 feet, and for the reflected wave to cause a lowering of
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the velocity by less than 6 percent at any range less than 9,000 feet. Focusing due to cur-
vature of the ocean bottom at the Wahoo site was-estimated to cause an increase in the
velocity, because of the reflected wave, ranging from 5 percent at the nearest target to

15 percent at the farthesi target. Inasmuch as, the reflected wave might produce the most
severe shock moticns on all target ships, the decrease in severity of the direct wave due to
refraction at ranges bevond 2,300 feet was not considered to be a factor in target placement.

Reflection coefficients used in the calculations were chosen mainly on the basis of theo-
rectical values for a fluid interface corresponding to a hard coral bottom.

1.4.2 Target Positions, Shot Umbrella. Placement of the target destroyers for Um-
brella was based largely on the results of Operation Crossroads. The USS Mayrant (DD402)
at 2,600 feet bow-on sustained moderate damage, and the USS Mustin (DD413) broadside at
3,906 feet sustained canly light damage. Because of the smaller yield of Umbrella, the
equivalent damage would be expected at a smaller distance. This, however, was offset to
some extent by the greater depth of the bomb. Consequently, the closest target, DD474,
was placed at 2,000 feet stern-on and the DD592 was piaced at 3,000 feet broadside. The
DD593 was placed at a range of 8,000 feet, primarily for measurement of radiological con~
tamination. The EC2 was broadside at 1,600 feet.
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TABLE 1.1 PRESHOT ESTIMATES FOR SHOT WAHOO

Location from
Surface Zero

Ship
Range  Azimuth
ft degree
EC2 2,300 30
DD {74 3,000 248
DD592 3,000 248
DD593 9,000 248
SSK3 10,500 248
DD728 15,000 140
SS392 20,000 175

DD886 21,000 205

* Refraction effects not included. Retraction would cause
a decrease in each of the indicated velocities, but primarily
for the direct wave,

+ Reflection coefficient taken as 60 percent (pressure ratio)
for the two clcsest target positions, and 70 percent for the
remaining positions.
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Chaptér 2

PROCEDURE

In order to accomplish the objectives, the shock motions of items of simulated and actual
equipment, their fcundations and supporung structures, including hull, bulkheads, decks,
and superstructure, were recorded as a function of time on seven ships for Shots Wahoo
and Umbrella. In zddition, the shock spectra associated with these structures and equip-
ment were recorded by means of shock-sprectrum recorders. High-speed motion pic-
tures were made of tae response of selected equipment.

2.1 OPERATIONS

Extensive measursments of sbcnk motions were made on various target ships moored
in comparatively deep water outsice the lagoon for Shot Wahoo and in shallow water inside
the lagoon for Shot Umbrella. In addition, a few measurements of shock motion were made
on two destroyers and a submarine, which were oparated in the test area during Wahoo.

During January 1958, the project participated in tapered-charge tests off the coast of
California. The data was used as a basis for determining the effectiveness of tapered
charges for simulating shock produced in a surface ship by an underwater nuclear explo~
s{on (Reference 17).

The instrumented ships for both shots were the DD474 (USS Fullam), DD592 (USS
Howorth), DD593 (USS Killen), EC2 (SS Michael Moran), and SSK3 (USS Eonita). In addi-
tion, two operational destroyers—DD728 (USS Mansfield) and DD886 (USS Orleck)—were
instrumented only for Wahoo, «nd Squaw 29 and YFNB12 only for Umbrella.

The target DD’s were World War II ships taken from the Reserve Fleet for Hardtack.
They have an overall length of 2. feet, a maximum breadth of 39.5 feet, and a design
draft of 12.5 feet. Examination of the hulls pricr to outfitting for Hardtack showed that
they were all in good condition. For the tests, main and auxiliary machinery was checked
and activated. The machinery {u the forward engine room was operated during the tests.
The starboard propeller was replaced with a disk of the same diameter to allow the shaft
to turn at about 400 rpm without thrust. Automatic controls were cubstituted for the man-
ual controls, so that the equipmeit in the forward engine room could be operated during
the shots without persunnel abcard, Machinery in the after engine room, with the excep~
tion of a package-type turbogenerat.y specially installed and operated on DD474, was not
operated. However, all machinery was checked before and after each shot. Ex.sting elec-
tronic equipment, which was cor.sidered obsolete, was removed {rom the ships, and no
replacements were provided. 4.3 a vesult, information as t9 the ability of this vital and
frequently fragile type of equipm=n.t to withstand shock was not obtained.

The two operating destroyers .at ware 1nsirumented were fully manned and operated
during the tests. However, because «1 w..ir large ranges, the equipment received only
light shocks.

The EC2 was a World War II Lit:er*y ship that was tagen {rom the ‘Maritime Commis-
sion mothball fleet for the tests. Taw hull was examined in drydock and reported to be
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in good condition. Unlike the DD's, machinery and equipment were not activated. The
holds were ballasted to approximate a loaded mean draft condition of 21 1/2 feet.

The Squaw 29 and YFNB12 were targets previously prepared for and used during Opera-
tion Wigwam (References 5 and 8). Tu4e Squaw 29 was a specially built four-compartment
submarinelike target, consisting of two cylindrical test sections and two conical end sec~
tions. The design of the test sections w s based on that of the SS563 class of submarines.
However, the diameter and scantlings were ¥ those of the S5563, and the hull stiffeners
were internal rather than external. Each test section had an inside diameter of 14 feet
43/‘ inches and a length of 29 feet. The overall length of the pressure hull was 121.5 feet.

Major items of the propulsion machinery of the SS567 (of later type than those on SS563)
were simulated on Squaw 29 by cast steel weights. Items simulated were the three main
engine generators and the two propulsion motors, each on ‘/_r, scale. Each simulated en-
gine generator weighed 11,900 pounds, and each simulated motor weighed 25,000 pounds.
The mass loads were located in the after test section. Each weight was supported by a
foundation scaled from the SS567. The port engine generator was isolated from its founda-
tion by means of six EES A6L resilient mountings. The center anc starboard engine gen-~
erators were each mounted with 26 bolts of Y4-inch diameter; Class B steel bolts were
used for the center engine generator and HG steel bolts for the starboard engine generator.
Each motor had 2 bolts of 1-inch diameter; the bolts were of HG steel for the port motor
and of Alloy 2 for the starboard motor. The frequencies and vibration characteristics of
these items are given in Reference Z1.

The YFNB (whose principal function was to serve as a recording~instrument platform)
was instramented to a limited degree for the measurement of hull response and shock mo-
tions. It was a double-bottomed, longitudinally framed barge 260 feet long and 48 feet
wide with an average draft of 4!/ feet.

The SSK3 was a killer submarine built after World War II. It was similar in construc-
tion to the fleet-type ship but considerably shorter. The smaller length considerably sim-
plified the problem of supporting the ship from the surface for the test. The pressure hull
was circular, had an internal diameter of 15 feet, and was fabricated from medium steel
(35.7-pound plate) with a specified minimum yield strength of 34,000 psi. The collapse
depth was about 700 feet (Reference 22). The ship was fully equipped and in commission.
It was manned, and its equipment was operated during Wahoo. For Umbrella the ship was
not manned and the equipment was not operated. Equipment was operated and checked be-
fore submerging and after resurfacing following the shots. The | rimary purpose for in-
cluding this ship in the test was to verify a prediction of safe range for equipment from the

wilyy

device. It was therefore important that the effects of shock on equipment be carefully
evaluated.

2.2 INSTRUMENTATION

To accomplish the projeci objectives, the shock motion as a function of time, the shock
spectra produced on each target ship, and the response of selected items of equipment were
determined. The project included the determination of the shock motions and response at
representative locations on the three target DD’s, FC2, Squaw, YFNB12, and SSK3 and
on two operating destroyers. Approximately 349 instruments and 44 high-speed motion-
picture cameras were used. The characteristics of the instruments are listed in Table 2.1.

To permit rearrangement of the targets after the first shot, if desired, basically simi-
lar installations were made on the innermost and outermost target DD’s. To permit closer
study of the shock produced by tapered charges, additional instruments were installed on
DD592. These were also used during the nuclear tests.
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Because of the need for a large number of instruments under difficult environmental
conditions, types were chosen largely on the basis of reliability and simplicity. Pickups
and recording instruments susceptible to damage from-dampness or sensitive to spurious
mechanical, electrical, or acoustic:! s grals were avoided.

The system for measuring the shock motion produced during the test consisted essen-
tially of a TMB bar-magnet velocity meter whose output was recorded without the use of

amplifiers on film in a multichannel electromagnetic (string) oscillograph.

2.2.1- Velocity Meters. Velocity meters were chosen as the primary instrument for
measuring shock motion, because velocity as a function of time has been found to be the
most useful parameter for characterizing shipboard shock motions. Peak accelerations
can be measured from the slopes of the records, an-i <.isplacements can be determined by
integration. In recording shipboard shock motion, it has been frequently found that the
comparatively high accelerations associated with the higher frequency modes of motion
tend to obscure the generally more important lower frequency modes of motion, which have
associated with them lower accelerations but greater displacements. An accelerometer
with a sufficiently wide frequency range has either a low sensitivity or a high-impedance
output. In either case an electronic ampiifier is necessary, and if many channels are re-
quired, the recording system becomes complex. On the other hand, the velucity meters
used were rugged and reliable and produced sufficient output to drive a string galvanometer
without amplifiers.

The TMB bar-magnet velocity meter consisted of a long rod-shaped alnico permanent
magnet with one of its poles in 2 coaxial cylindrical coil. A spring mounting permittea the
magnet to move along the axis of the coil, which was attached rigidly to the base of the in-
strument. Motions of the base produced a voltage in the coil proportional to the relative
velocity between the coil and magnet. The output voltage was recorded directly on an os-
cillograph, to obtain a time history of the velocity.

The springs used in the instrument to suspend the magnet tended to cause the magnet to
follow the motion ¢/ :he {rame. It was consequently desirable to keep the natural frequency
of the magnet-sp:ing sys.ern as low as possible. The natural frequency of the seismic
element of the 7'MB mete; was approximately 3 cps.

The velocity meters were bolted to mounting plates, which were welded to the structure
whose velocity was measured. A typical velocity~meter installation is shown in Figure 2.1.

All velvcity meters were calibrated by the drop-test method. In this test the output
voitage nrod.ced i the pickup coils was recorded as the magnet (with springs detached)
fell freely in the meter. This calibration permitted the determination of the sensitivity of
the weter aloag th entire stroke between magnet and coil, but did not apply a shock ex-
citution to the meter. To supplement this calibration a random sample of the meters was
aiso catibrated on a ballistic pendulum. In this test the meters were subjected to step
changes in velocity ranging up to 14 ft/sec in amplitude and with a rise time of 0.3 msec.
The response of the meter and recording instruments to this shock excitation resulted in
a 0.5-mcec rise with a 1)-percent overshoot. This response was adequate for measuring
shipboard shock motions.

On the target ships, each velocity meter was connected to a cable that carried the signal
to a central velocity-meter control panel in the recording center. The control panel was
used to acjust sensitivity and to provide calibration signals on the oscillograph records.

In Squaw 29 the velocity meters were connected to terminal boards in the forward com-
partment. From each board the signals were conducted through a special .cable to a string
oscillograph in the recording center on YFNB12.

The recording films tn the string oscillographs were protected from the effects of
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radioactivity by housing the oscillographs in lead cases 3 inches thick. These cases were
installed on a resiliently mounted platform, which limited shock accelerations at the os~
cillograph to 4 g and was effective for displacements up to 24 inches (Reference 23). A
typical installation of a string oscillograpn, lead housing, and auxiliary equipment mounted
on a resilient t_aple on the DD592 is shown in Figure 2.2.

2.2.2 Shock-Spectrum Recorders. At almsst every velncity-meter location, a TMB
shock-spectrum recorder was used to provide dsta for obtaining shock spectra. A typical
shock-spectrum recorder installed on the DD532 is shown without its protective cover in
Figure 2.1.

The basic shock-~spectrum recorder is ar antograpesic self{-contained instrument, which
requires no power. It records the peak relative displute=eats of a series of 16 weighued
cantilever reeds, each of which approximates a gingle-egrre~oi-freedom inechanical sys-
tem having a particular natural frequepcy from 20 to 450 ¢“s. The displacementis are
scribed on waxed paper. From the peak displacement of each reed, i’s maximur: absolute
acceleration is computed. Maximum acceleration plotted as a functica of reed trequency
is called shock spectrum. For Hardtack an ulectric mator drive was provided to drive the
paper on some recorders. This arrangement ssparated the recordings produced by suc~
cessive shock pulses.

2.2.3 High-Speed Motion-Picture Cameras. Fairchild high-speed motion~picture cam
eras were used to photograph the shock motion of selected equipment on taree DD’s, the
EC2, the SSK3, and the Squaw. Each camera was placed in a lead housing, which in turn
was resilientl* mounted in a specialiy designed frame. The cameras operated at a rate of
about 1,000 frames/sec. For Wahoo, Eastman TRI-X was used. Because the illumination
provided within the target ships was found to be sufficient to permit the use of lower speed
film, Plus-X which was less sensitive to radiation was substituted for Umbrella. The
change was made primarily because of the greater radiation levels expected from fallout
ca this shot, particularly because the target distances were swmaller than for Wahoo. A
typical camera installation is shown in Figure 2.3.

2.3 INSTHKUMENT LOCATIONS

The locations of velocity meters and shock-spectrum recorders on the nine ships that
were instrumented are shown in Tables 2.2 through 2.10. High-speed motion-picture cam-
eras were installed on six of the ships, as indicated in Tables .11 through 2.15.

Profile and section views of the ships showing approximate locations of the instruments
are shown in Figures 2.4 through 2.9.

2.4 OPERATICN OF RECORDING INSTRUMENTS

Oscillographs, high-speed motion-picture cameras, and motorized shock-spectrum re-
corders installed on the target ships were powered by storage batteries that were independ-
ent of the ships’ power systems. On the main target ships the recording instruments were
operated automatically by means of sequence timers. Operaticn of the sequence timers
was initiated by relay closures furnished by Edgerton, Germeshausen and Grier, V2.
(EG&G) by means of a radio link.

The recording instruments for SSK3, DD728, and DD886 were started manually for Shot
Wahoo. For Chot Umbrella an EG&G radio receiver was installed on a barge adjacent to
the SSK3, and relay signals were transmitt J to the sequence timer on the SSK3 by a cable.
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Radio signals provided by EG&G included a fiducial zero-time signal to indicate the time
of detonation of the bomb.
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TABLE 2.1 DESCRIPTION OF MEASURING AND RECORDING INSTRUMENTS

Velocity Meter
Purpose Transduces shioboard shock motion into an“electrical signal which 1s recorded on a time basis.
Operation A voltags is induced by relative velocity between 8 coil and a seismically suspended magnet.
Types YTMB bar-magnet meter, TMB version of British meter,

Calbration | Each meter 18 individual:y calibrated in the laboratory by allowing the seismic element to faii
freely under gravity.

Accuracy Voltage 18 proportional ta relative velocily to within 5 percent up to at least 2 ft/sec and 1000

~ ¢ps and over the entire relative disolacement allowed,

Limitations | The seismic element is suspended with a natural frequency of about 3 cps and its motion begins

1o be appreciable about 25 msec after the beginning of 2 .hock motion. Relative displacement

of the seismic element 13 limited to about'4 in, (bar-magnet meter) or 1.6 in (British meter)

and the element “‘bottoms’’ against stops at each end of its travel. Severe motions perpendicy-
1ar to the sensitive axis of the meter may cause the seismic element to strike the inside of the
cotl form (bar-magnet meter) or will increase the frictional forces in the guide rollers for the seis-
mic element (British meter). Corrections for these effects may be made,

Accsssonies| A control panel cantains a tesistor for adjusting the siznal current, a switch for inserting a calibra-
tion voltage (accurate to | percent), and circuits for controlling the field current required to ersr-
gize the magnet in the Bntish meter,

Shock-Spectrum Recorder

Purpose Autographic instrument irom which shock spectra are obtained, A shock spectrum is a disolay of
the maximum response of a simple mechanical system to a shock motion, as a function of the nat.
ural frequency of the system,

Operation Deflections of 10 weighted cantilever reads of different frequencies are scribed on a waxed-paver
platen,

Types TMB Wi 4 shock-spectrum recarder; TMB Mk 4 shock-spectrum recorder with motor-driven spool,
+ Designed and manufactured at the David Taylor Model Basin

Calibration | Reed frequencies are individually checked in the laboratory by resonance lests.

Accuracy Errors due to nonlineanty of reeds, mgher modes of vibration of reeds, and vibrations of meter
frame are generally below 10 percent.

Limitations | Scribes deflections can be read to 0.003 in,, and accuracy 1s therefore tow for smal! defiections,

[~ The reeds yield at accelerations ranging from 74 g (lowest-frequency reed) to 2500 g (highest-
§' - N frequency reed),

e Oscillograph

E(-' Purpose Racoids 2lectncal signals on a lime dasis,

o Ooeiation Mirror galvanometers make an optical record on moving photographic fslm,

Types Consohdated Electrodynamics Corgoration oscillographs S-114, 3-116, and $-119.

CEC galvanometers 7-320, 7-323, and 7-318,

Calibration | Natural frequency and damping of each galvanometer ate measured in the laboratory. Sensitivity
of each channel 1s determned 1n the hield by recording a calibration signal,

r “x

.
r "¢ 'y

l&-‘:- Frequeacy | Galvanometes response 1s flat within 5 percent up to 600 cns (7-32C and 7-323) of up to 1200 cps
g{"-‘-: (7-316),
k_‘ Limitations| Film record can be read to adout 0,003 1n, Galvanometer nonhineanity becomes appreciable at a 1e-
‘.5 tlection of 2bout 2 10
F-',_-', High-Speed Metron-Picture Camera
f-:._ Purpose Phatographs response of shios equpment and strycture for viewing and measurement,
(e Type Fairchild KS-100 Camera with 13.mm wide-angte lens,
F‘.‘;' Sneed About 1000 frames/sec.
:" - Time Time scaie on film suophied by flashing necn bulb energized Sy a o8-¢os vibeator.
} Lighting PH.375 medium-beam photoflaods, PH/REL-2 photofloods. Operated at 125 V from storsge datterses,
,s: Limitatiens| Total running time about 4 sec, Measurements him.ted to about 0.0003 1n minimum resolution of tmane
| S on film,
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TABLE 2.2 LOCATION OF INSTRUMENTS ON EC2

Pusition {Orieatation { lest 1 Locatien
Ne. . N Gage Altacked Ts Freme Vertest Trausverse
No.
Machinary Roes
1 v 11 ] Bulknesd 88 | 31t adove tnner dottom Ceanterline
SIAM | 3ulknesd stiffenar A8 | 3% ft adove inner dotton Canterting
2 v ] Top of tank 37 | Inner dottom Contertiae
SSAM | Top of tamk 97 | Imae Sottom Conteritas
3 A /] Top of tank 97 | Innee dotten % 1t pont of ceateriing
SIRM  } Top of Lank 37 | Innet dottes % ft part of contedine
4 v AL ] Top of tank 97 | Ime: bettoa 20 1t 3thd of conteriing
3R Too of tank §7 | Innet detten 20t sthd of comduriine
H v 1L} Top of teak 37 | (mmer dettem 2 fport of comleriine
3R Top of tak 97 | Imnet detton 20 R psrt of conterling
§ A i1 ] Frame ’ $7 1 4 1t sdeve imut Detive 27 Rt stdd of contertine
ISR | Frame 97 1 4% R sdeve tnaer baiton 27 1t stdd of coatering
7 A 0] Frame A7 | 4 Rt shove imur betiea 77 ft port of conteriine
. SIRN | Frame 47 | O R stave innet dotien 77 Rourt of conteriine
r A v Frame 97 | 14 ft abave ianer dottom 27 1t sthd of comterting
] A i Frome 97 | 11 1t sbeve 1mmes dettea 27 R pert of comterting
10 v 7] Subdase of main engine 108 1 Rt sbave 1mer botem #4 1t stdd of conterline
SSRM | Subbase of sain ngise 104 § 2 1t 2bave thaer Deticm 4 1 stdd of comtertine
1 A AL ] Subbase of mua mnprae 1084 ] 2 1t shave iamer Dettom 4 1t 3the of comtening
144 3 Sudbase of main eagine 1044 ] 1 1t atove imur detion ¥ 1t sthd of conterline
1 y VM Foundation of diesel eagine® | 105 | % 1t above inser Battom Stod side of enziae
SSRM | Foundation of diesel sagine® | 109% | % R sveve inner Detten ¥% 1t frem 3thd s1de of mprne
1 A v Foundation of drasel emprax® ] 105 1% 1t above imaet Dotton Conterlin, of sngine
11 Foundation of érosel wngiaa® | 105% {1 1t sdave inaee Detten Sthd 4e of mundation
14 v Ve Boam wpperting deck 33 184 | Unaor second pistherm doci | i3 1t 3184 of comtorling
steam gesaraters
SSRM [ Oock xtiffonsr wnder stism | 104 | Under second pisthom deck | 114 Rt std af conteriine
goneintars
16 v v Tap oi ain engine 102 12 R belew first plathamdock | 3 %t stdd of contertine
SSR Top of matn engine 03 | 2 1t belew first platierm dech| 3 Rt stdd of centerting
17 A 1] ] Top of man eagine 107 {21t dataw first platiorm deck | 3 M stvd of conteriiae
SR 1 Top of saim s 102 |2 1t batew tirst prottucm dock | 3 N stdd of conteriine
18 v i Dresel anginec (aftor ond) | 105 |11t sbave sonee detion % 1t Ime 3tdd side of magrne
SSRM ) Diesal engine® (aftarend) | 105 |11t adeve imer dottow % R fom pert side ol s pae
4] A A1 Diwsel ngine” (twe o4) 102 % ftabsve imet dottem 1 Nt frem port side ol cagine
No. 3 Keld
1) v AL ] Bulkhcad stitfsner 88 |% N abeve second plattorm | Conterting
deck
$IR Ceck 88 |Second olathore deck Contening
2] v ] Dack 83 |Second plattorm daex Canteriing
iR Osex 33 1Second orattom dach Conterling
3 A \7] Decx 33 Second plattorm deck 1 R opost of comterting
SR Cecx 83 ]Secosd plathorm deck L1t st oi contarting
Pissageway
H] v v Bulkhead stitenes 49 |6 1t above 02 tevet Canteriing
1] Duck sbMener 8% [Under 03 favel Conteriing
Wheethouss
¢l v v Dock 8 {02 tevel 1% & stdd of conteriing
SR Oech 86 {02 1eved 11 side of cententine
% A A Decx 86 |02level 1 ft pert of cantentine
3] Decx 18 [021evel 1 ftgort of caaterting
Stesning Geat Room
u \ A Loagitudinal stitfener 16 14 i above tust glathm decs [ Contarttng
y SR Loagitudnal stitfemer 16 [Fustplatere deck Conterling
‘@) St Alley
F‘-_'.‘ n l v [ vi I‘nuncm stiftosad l 16 ILH awove keel l?.nmhu
f_»_.: Vesaing Compartments
N 2 ¥ [T Deck 96 [Maa decx 21 R post of contertias
. SR | Oeck N M docx 20 1t port of coaterting
AES v VM| Opeisting dioset penarater | 38 1% Rt adeve nsis doct 21 & port of comterting
,‘:-: *Oiection of seasitive auts of mater ¥ - Verticd A - Atwantship
Y ‘ WA - Veiecity aater (TMB daremagaeq
Rescr-e SSR - Shock-spectrem recorder (THB Mk &)
. SSRU « Shack-spectrum recaroRt with molor-anvea spoul
QR “Catonpillar Tractes Conpay S0-kp duesel snpize, hedel 0-381, instatied for ot
S dGonerai otors €0-kw 110-v 60 93 dissel generaior sauated on dun By dun woodaa stringms, installed )
N to hunsh D0wer 100419 D duning test
"
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{; TABLE 2.3 LOCATION OF INSTRUMENTS ON DD474
a.":.‘ .
AW
)
:'-‘. . Location
s fositian| Onentsiion | lostrurient Gage Atactad To Flamc'
g No. ¢ L, ® ¢ ' No. I Vertical Teansverse
» Underwatet Sound Room
bl v ] v fwe | 2 [Kest Centerline
- IG and Plotting Room
4 v VM Foundation of main battery §9% |First platform éeck Centetline
control borsd
v SSRM | Foundation of main vattery 59%. | % ft above first platfom deck] t ft starbo2rd of centertine
control doard
S 5 y w Foraard side of main battary | 693 {5 ft above first platforn dack| Centerline
- v, ‘| control board
Oy v SSRM | Forward side of main dattery | 59% |3 ft above first plaiform deck| Centertine
WS controi board
£y
;,‘a Radio Central
F:@\, ) 6 v AL Bulkhead st:{ffener 72 {1 ft abov2 syperstiucture 1% ft port of centerline
e gack
E\‘..\ v SSR Deck 12 {Superstructure deck 2% ft port of centeriine
AN Foreard Engine Room
'\“ﬁ_\ 13 v Vi Flange 59 [Kael Centerline
-y v SSR Flange 9%% :Keel Centerling
' & n v VM Bulkhead gusset 110 |2t above keel Centedtne
ACSRN v SSR Flange 110 |Keel Centestine
. 18 L Vi Flange 109 [Keel Centerline
;t . L ] 3SR |Bulkhead stiffenr 109% |3 ft above kesi Centerline
. s L] L) AL Bulkhead at turhineflex plate} 92% |9 ft above hael 10 fi starboard of centerline
. v SSR Foundaticn of flex plats 92% 110 ft above keel 10 & statboard of centertine
P v g Foundation of reduction gear | 102 |5 § abave keel W £ stahoard 01 centertine
(fwa end)
v I5R Foundation of reduction gear | 102 {6 ft above keel 4 it starboard of centerting
(fwd end)
21 v VM Foundation of reduction gear | 106% |3 it sbove keal 4% ft statboard or centertine
(after end)
v SSR Foundation of ryducticn gear | 106% {6 ft above kee! € ft starboard of centeriine
{after end)
i 72 v A Foundation of turpogen 103 149 # apove keel 9 {t port of ceuteriine
(fwd end)
Y SSR Foundat:s of turbogen 103 19% ft above heel 11 ft port of centerline
fwd end)
23 A UM Foundalion of turbogen 103 | 9% ft above keal 6 ft port of zenterline
(fwd enct)
*Disection of sensitive axis of meter: ¥V - Vertical R ~ Radral (normal to hulh) K
A - Athwariship L - Longitudinal
dyM - Velocity muter (TMB bar-magnet)
$SR -~ Shock-spectrum tecordet (TMB Mk 4)
SSRM - Shock-spectrum tecorder wath motor-driven spool
ON
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TABLE 2.3 CONTINUED

Location
Position [ Orientation | Instrument Gage Attached [ P
age Attac 0 rame
No. . b g No. Vertical Transverse
Forward Engime Room
A SSR Foundation of turbogen 103 [3% ft above kel 7 ft port of centerline
(fwd end)
1L v M Foundatic~ of turbogen 110 |12 f§ absve keel 8 ft port of centerline
(after end)
v SSR Foundation of tutbogen 110 {12 ft above keel 8 f port of centerline
(after end) '
25 A V™ Foundation of turboges 110 {10 & above keel 7t poit of centedine
(atter end)
A SSR Foundation of turbogen 110 [14 ft abova keel 6 ft port of centerina
(after end)
26 v VM Reduction geai (after end) 106 |9 ft above kee! 7 ft starboard of centeilina
v SSR Reduction gear (3.ter end) 106 |10 ft above keel 10 ft statboard of centerine
K v Y™ Subbase of cruising and 97 [ 9% ft above keel 11 ft starboard of centerline
HP tutbines
v SSR Subbase of cruising and 97 | 10% ft above keel 10 R starboard of centerline
HP tutbines
28 v L. Subbase of LP tuthine 93% | 9 ft above kes! 3 ft starboard of centerhine
v SSR Subbase of LP turbine 93 | 8% ft above keel 3% ft statboard of cenverline
29 v AL Subbase of turbogen 104 | 10% ft above keel 10 ft port of centerline
v SSR Subbase of turbogen 105 | 10 ft aoove keei 9% ft port ot centeriine
l Medical Store
3 R M Bulkhead stiffener 110 |1 ft above main deck 1 ft post of centariine
v SSRM | Kamn deck at bulkhead 110 | Main deck % ft pori of centarline
kK] Y VM Main deck ovei stiffenes 107 | Main deck Y ft port of centerline
v SSRM | Main deck over stiffener 107 | Main deck % tt part of centerline
k11 v M Deck stiffener 107 | Under top of deckhouse Centetline
v SSRM | Deck stiffenar 107 | Under top of deckhouse i ft starboard of ceatsrline
S-Inch Ammunition Handling Room for Gun Maount No. §
46 v VM Gun support 182 | 2% ft below darbette Centerline
v $SR Gun support 181 ] 1 ft below barbette Cenietline
Steening Gear Roor
48 v VM Deck 199 | Furst platform deck Centetling
v SSR Deck 198% | Fiest platform deck Centerline
49 A Vit Deck 198% | Fuest platform deck 1 ft starboard of centertine
50 L v Deck 205 | Fust platform deck 1% ft starboard of centerline
S-Inch Gun Mount No. 5
51 l v I VM Foundation of gun 179 | 4 ft above mawn deck 1 ft starboard »f centerhine
ADicection of sensittve 2xis of meter: ¥V - Vertical R - Racial (normal to huil)
A - Athwartship L - Longitudinat
dyM - Velocily meter (TMB bar-magnet)
SSR = Shock-spectrum recorder (TM3 Mk 4)
SSRM - Shock-spectrum recorder with motor-dnven spool
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TABLE 2.4 LOCATION GF INSTRUMENTS ON DD§92

! Lecatis
Pasitior| Oneatation | instrumant — e
No . N Gage Attached To Frame . )
: l ) No. Vestical Trensvélsg
I
v Undeziwater Sound Room
1 v _ VM Web 2 jKeel Centerhine
v $SR Flange 22 Kesl Centeshine
z A | kL Weh 2 ,‘ ft avove koey Centethina
- iC and Plotting Room
3 v L] Bulkhead stiffener 72 |1% ft above fizst olatiom Conteniax
deck
v 3SRW | Bulkhead stitfener 72 {1 ft abovae first platformdeck | 2 f¢ starboard of centerting
4 v L] Foundation of main daitery 59% [First plaiform deck 2% ft port of centeriine
contro! board
v SSRM | Foandation of main battery 59% |1 ft abave firat olatfone deck! 2 f purt of centerline
control board
5 v VK Forward side of main battary]  69% |5 ft above first clatform deck ( 2% ft port ¢f centesline
contrer board
v SSEM | Forward si1d6 of main batleryj 69% [ 2% fi above first platiorm 2% ft yort of centeriine
conirol board J deck
I » sm— wton
Radio Central |
™ 6 \ M Buikhead stiffenyr 72 | # thove superstructuse 1% #t port o centerline
i decs
v SR | Dess n ISuperstmctm dack % #t port of centerding
7 A Y% Bylkhead cruwn 12 {Superstructure deck 2 St port of centatline
A SSR Bulknsad stilfener 72 1% f above supesstructur | 14 & port of centerdine
Be _1 deck
. Forwaid Fire Brom
§ ) VM Frange 21% | Keel Centerljae
Y SSkM | Fiang2 82 |Kee Centerlins
9 R L Long hutl stiflener 8tk -~ 6 {t siarzoard of centerline
h 333w [Trans hull stiffencr %) -~ § ft stashoard of centerhing
10 R VN Loag auil stiffenes 81k} -~ 6 ft cort of ceatedina
R SSRM | T'ran3 hull stiffenar 8% ~ - 5% ft port af ceuteshne
3 v VM Balkhead guzset ’ 72 |1 it avove keel Centerlie
v SSRly  {Flange 124 | Keel Centerdine
12 A i Rutkhosd 12 | 1A it above keel 1 ft starboard of centerline
A SSRM | Sullhsad gusset TU 11§ above bael Centedine
- Forward Engine Room ”_'
12 v VM -F-!enge l 100 I Keel Cantetline
v SSRM | Flange | 99% {Kme! Cenerl:ne
4 A YK Trars tyl! stitfener 9% j nee. 1 ft port of centerline
A SSRM  [%eb 0% | Xewr Cantenine
15 R VN (Trans aurd shitfener %l -~ 18% ft starboaré of centeriine
R SSRM | Trars hull stiffensy Yl - - 16 1 starboacd og centerine
8 1 Vi Trane hult sitHener i % ~ - i 18% \t port of centerline
R SSRM | {rans nyli stittener ; 9Yp| -~ 16 2 port of cenlorhig
7 v VM ’ Pyiithead yasset VoYM I ateve kee Centesinng
v SSRM | Frange l | K i Centeins
13 L vk flange RUGEEE (o ' Serterling
L SSRM | Buikhead stifrener I W {38 R doveree y Senterine
N v " Bulkhead at turauoe Mex | 274 18 ft above ksa W 1t staiboatg ¢ centerline
slate )
v SSRM | Foundat:on ¢! fex piate i I : 94 £ above weel ] 104 & storcvard of ceotering
| 1 |
a2
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TABLE 2.4 CONTINUED

Position | Orientation | Instrument 1 Location
No. . - N Gage Attached To “Frame .
No. Vertical Transvarse
Forwacd Engine Room (continyed)
20 .' v '] Foundation of reduction gear| 102% {5 It above keel 3% ft starboard of centeriine
(fwd end)
v SSRM | Foundation of reduction gear| 102% |6 ft above keat 4 ft starboard of centerline
(fwd end)
2 v VM Foundation of reduction gear| 106% {4% ft above kesl 4 1t starboard of centeriine
{after end)
v SSRM | Foundation of reductjon gear| 106% |6 ft above kesl 5% Rt starboard of centerline
(after end)
2 v Vi Foundation of turbogen 103 |S% ft above keel 9 i port of centerine
(fwd ond)
v SSRM | Foundation of turbogen 103% 9% ft above keel 6 ft port of centerline
(fwd end)
2 A VM Foundation of turbogen 103 |9% ft above keel 7 1t port of centerline
(fwd and)
A SSRM | Foundation of turbogen 103% {9% ft above keel 6 it port of centerline
(fwd end)
1} v VM Foundation of turbogen 110 {12% ft above keel 6% 12 port of contarline
(after end)
v SSRM | Foundation of turbogen 110 |10% ft above keel 9 ft port of conterdine
(after end)
25 A M Foundation of turbogen 110 |10 ft above keel 7 & port of centeriing
(after end)
A SSRM | Foundation of turbogen 110 |14 R above keel 8% ft post of centerline
| (after end) .
% v v Reduction gear (after end) 106 19 ft above kesl (3% £ above | 6 tt starboard of centerine
mounting hoits) (1 ft from inboasd edge)
v SSRM | Reduction gear (after end) 106 |10 ft abova keel (4% It above| 8% ft starboard of centesline
mounting bolts) (over shaft)
a v VM Subbase of cruising and 97 |9% ft above keel {1 it nelow | 12% ft starboard of centerine
HP turbines mounting bolts) (1 ft from outboard side)
v SSRM | Subbase of cruising and 96% [ 10% ft above keel (at mount- | 10% ft starboard of centeriine
HP turbines ng boits) (% 1t from 1nboard edge)
3 v VM Subbase of LP turbine 93% |10 £ above keel (1 ft below | 6% ft starboard of ceaterling
1otor shaft) (below rotor shaft)
v SSRM | Subbase of LP turbine 93 | 8% ft above keel 6% ft starboard of centerline
(ceatartine of turbine)
29 v VM Subbass of tucbogen 105 | 10% ft above keel 11 ft port of centerline
(% ft from outboard side)
v SSRk | Subbase of turbogen 105 9% ¥ above keal 7% ft port of centerline
(inboard edge)
0 A VM Subbase of turbogen 104% 110 ft above keel (1% ft below | 10 ft starboard of centerline
mounting bolts) (1 ft tom outboard edge)
A SSRM | Subbase of turbogen 104% | 10% it above keel (1 it below | 7 {t port of conterline
mounting boits) (% ft from outboard edge)
Medical Store
31 v vy Buikhead stiffener 110 ;1 (t abovs main deck 1 # port of centerline
v SSRM | Main deck at bulkhead 116 {Main deck % it nort of centeriine
32 v YN Main deck over stiifendr 109 [Main deck % ft part ot ventsrine
v SSR WMai deck over stiffener 109 | Main deck % R starboard of centedine
kK| v VR Wain deck over stiftener 107 |Main deck % ft oot of centedine
v SSRM | Main deack over stiffener 107 [Ma deck % ft statbosd of centerdine
i v VM Deck stiffenar 107 iUncer topof Jeckhouse b2 ft port of centesline
v SSRR | Deck stiffeset 107 Undes tco of deckhouse % ft statboard of centerling
33
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TABLE 2.4 CONTINUED

von | st ' v Location
Position {Ortentation | Instrument -
ozxol'o . Y Gage Attached To F[?;ne Vercal Transverse
_ 40-Mithimeter Machine Gua Racar and Contror Rooms
35 v VM Bulkhead stitfener 107 | 1 ft above main deck 15% & starboard of centerhine
v "~ SSR Man deck 107 | Main deck 16 f¢ starboard of centeriine
36 v VM Bulkhead stiffener 107 | % ft above main deck 15% ft port of centerline
v SSR | Mam deck 107 { Mein deck 16 ft port of centerline
After Fire Room
37 ¥ M Flange 120%| Keel Centerline
b 3SR Flange 120 | Kesl Centerline
38 R vH Trans hull stiffener 120%] - - o ft starboard of centarline
R SSR | Trans huli stiffener 1208 - - § ft starboard of centerline
39 R i Trans hul! stiffener 1206 -~ - 6 ft port of centerline
R SSR Trans hull stiffener 120%] -~ 5% ft port of centeriine
After Engine Room
40 v LL Flange 137 | Keel Centerlina
v SSR Fiange 137%] Kee! Centedine
4] R VM Trans hull stiffener 137%} -- 16% ft starhoard of centerline
R SSR Trans hull stiffener 13 -- 16 ft starboard of centeriine
42 R VM Trans hull stitfener 1% ~- 16% ft port of centerline
R SSR Trans hull stiffener 13M%) -~ 16 ft port of centeriine
43 v \L] Bulkhead at turbine flex 130%2| 9 ft above keel 9% 1t port of centerline
piate
v SSR Foundation of flax plate 130%| 10% ft above keel 9 ft post of centerline
4 v Vi Subbase of cruising and 132 1 10 ft above keel (1 ft bslow | 13% f port of centerine
HP turbines mount:ng bolts) (outboard side)
v SSR Subbase of crursing and 132 ° 10% ft above keel (at mount-| 12 ft port of centesline
HP tutbines Ing bolts)
45 v VM Subbase of LP tuibine 131%] 10 ft above keel (1 ft below | 6% ft port of centetline
rotor shaft) (below rotor shaft)
v SSR Subbase of LP turbine 132 | i1 ft above keel (2! rotor 71 &t port of centetline
shaft) (1 ft port of rotor shaft)
5-Inch Ammuration Handhing Room for Gua Mount No. §
16 v VM | Gun support 182 12 1 below barbette Centerline
v SSR Gun support 181 | 1 #t below barbette % H starboard of centerlina
47 A 'l Gun support 181 | ] ft balow barbette % fi port of centerline
A SSR Gusset 181% | % ft balow barhette Centerline
Steeneg Gear Room
3 v vu Deck 197% | Fust platfom deck Centerline
v SSR Deck 198 | Fiest platform deck Centetline
19 A VM Dack 198% | First platform deck Centerline
A SSR Deck 199 | Fust platform deck Centerline
5-Inch Gun Mount No. §
51 v | Vi Fonndatton of gun 179 | 4 ft above main deck 1 #t starboard of centarine
|

*Durection of sensitive axis of meter: V - Vertical

R - Radiai {normal to huil)

A - Athwastship L - Longitudinal

Sy - Vlocity meter (TMB Gar-magnet)
SSR - Shock-spectrum recorder (TUS Mk 4)
SSRI - Shock- spectrum recatdes with molor-dnven spool

34




TABLE 2.5 LOCATION OF INSTRUMENTS ON DD593

Position | Oneatatio] instrument Location
No . b Gage Attached To Frame .
: No. Vertical Transverse
_ Underwater Sound Room
i L v [ M J'ﬁeb [ 22 [Keel T(:enterhne
iC 2nd Plotting Room
4 v AL Foundation of main battery 69% | First platform deck 4 ft port of centerline
- control board
v SSRM | Foundation of main battery 69% [ First platform deck 3 ft port of centeriine
control board .
5 v M Forward side of main battery | 69% {5 ft above first platform dack [ 4 ft port of centetlineg
control board
v SSRM | Forward side of main battery | 59% |3 ft above first platform deck | 4 ft port of centeriine
control board
Radis Ceniral
6 v VM Suikhead stiffener 72 |1t above superstructure 1% f port of centeriine
deck
v SSK Deck 72 | Superstructure deck 1 ft port of centerline
Forwatd Engine Room
13 v VM Flange 99 |Keel Centerline
v SSRM | Flange 99% | Keel Centerline
1 v V™ Bulkhe24 susset 110 | 1% ft abovs keel Centedine
v SSRM | Flange 110 [Keel Centertine
18 L W Flangs 109 |Keal Centerline
L SSR Buikhead stiffensr 109% | 3 ft above keel Centerline
) 1_9 ¥ VM Butkhead at turbine flex -92% | 8% ft above keel 10 ft starboard of centerline
plate
v SSAM | Foundation of flex plate 92% | 10 R above keel 10 # stashoard of centeriine
20 v Vi Foundation of reduction gear | 102 |5 {t above keel 4% ft starboard of cantering
(fwd end)
v SSRM | Foundation of teduction gear | 102 | 6 ft above keel 4 it starboard of centerine
(fwd end)
A v \L Foundation of reduction gear | 106% | 4% ft above keel 4% it starboard of centerine
(after end)
v SSRM | Foundation of seduction gear | 106% 6 ft above keel 6 ft starboard of centerline
{aftes end)
2 v VM Foundation of turbogen 104 | 3% ft adove keel 6 ft nort of centedine
(Ywd end)
v SSRM | Foundation of turbogen 104 | 9% ft above keei 6 ft port of centerline
(fwd end)
PA] A VM Foundation of turbogen 103 | 9% ft above keel 6 ft port of centeriine
(fwd end)
A SSR Foundation of turbogen 104 | 9% ft above keel 6 ft port of centerline
(fwd end)
U v Y™ Foundation of turbogen 110 | 14 ft above keel 6 ft port of centerine
(after end)
35
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TABLE 2.5 CONTINUED

’ ) Location
Position| Qnentation | instrument Gage Attached To
osl.:ol. R b vae F;‘ame vertical Transvesse
0.
tv Forwara Engine Room
v = SSRM | Foundation of turbogen 110 | 10 ft above keel 6 ft port of centerhine
{after end)
25 A A Foundation of turbogen 110 {10 ft above keel 8 ft port of centerine
a (after end)
A SSRM | Foundation of turbogen 110 | 14 ft above kesl 2% ft port of centerding
(after end)
26 v AL ] Reduction gear {after end) 106 |8 ft above keel 7 ft statboard of centedine
v SSRM | Reduction gear (after end) 106 | 10 £t above kesl 10 1t starboard of centerine
27 v v Subbase of cruising and §7 | 9% ft above keet 11 ft starboard of centerline
HP turbines
v SSRM | Subbaseof cruising and 97 |10 ft above keel 10 ft starboard of centarline
HP turbines
28 v VM Subbase of LP turbine 93% ] 9% 1t above keel 3 ft starboard of centerline
v SSRM | Subbase of LP turbine 93% | 8% ft above keel 3 &t starboard of centerline
2 v VM Subbase of tuthogen 104% | 10 ft above keel 9% ft port of centeihina
v SSRM | Subbase of turbogen 105 | 9% ft above keel 8% ft port of centeriine
Medical Store
3 v vy Bulkhead stiffener 110 |1 ft above main deck 1 ft port of centerine
v SSRM | Main deck at buikhead 110 | Main deck % & port of centedine
33 v VN Main deck over stiffener 107 | Main deck % ft port of centeriine
v SSRM | Main deck over stiffenes 107 | Main deck % ft port of centerline
kL y AL Deck stiffener 107 [ Undet top of deckhouse Centerline
l v ‘SSAM | Deck stiffener 107 | Under top of deckhouse 1 ft port of centeriine
S-tnch Ammunition Handitng Room for Gun Mount No. 5
46 v VM Gun support 182 |3 ft below harbette Centerhine
v SSR Gun support 181 1 ft below barbette Centerhine
Steerning Gear Room
48 v VM Deck 199 | Fust platform deck Centerline
v SSR Deck 199 | Furst ptatform deck Centerline
49 A Vi Deck 198 | Furst platform deck Centerline
50 L VM Deck 205 | Fust platform deck 2 ft port of centerline
S-lnch Gun Mount No. § .
51 I v I VM rFoundatlon of gun [ 179 IA ft above main deck l 1 & starboard of centerline
*Ditection of sensitive axis of meter: Y - vertical R - Radiat (normal to hult)
A - Athwartship L - Longitudinal
byM - Velocity meter (TMB bar-magnet)
SSR  ~ Shock-spectrum recorders (TMB Mk 4)
SSRM - Shock-spectrum recorder with motoi-dnven spool
36




TABLE 28 LOCATION OF INSTRUMENTS ON DD728

Pesilion Oemmiulhw-m il
e, A . Gage Attached Te Frase
1 " Vertical Tisnsverss
Chart Howse
3 I\ v E ¥ lom LIO [Snummclun geck i‘ {1 3tha of centarline
Forwarg Esgine Roca
O | v {rnee % 16% 1 pert of centartine
) A ve Fousdstion of reduction pear | 108 |5 tt above keel S ft stod of centerling
(after end)
U v v Foundation of turbogenerator | 110 |12 1t above keel 8 1t port of canterhine
(atter und)
- Steetirg Geat Room
HENEEE [ ) [Fm: dattorm dach 13 1 port of canteriine
Shiphitier Shop
=~ L{
43 1 A l v L&llhﬂ‘ stiffenes Llﬂ‘l" [z 1t 2bovs first plattorm deck 15 1 stdd of canteriing
« | *Oirectron of seasitive ax:s of meter: ¥ - Vertical R - Redizt (Nermal e bll) A = Atvwanskip
I BV - Velocity aeter (TMB Bittish)

TABLE 2.7 LOCATION OF INSTRUMENTS ON DD886

Pasition [Orrentation liastrument Location
I
Q:'c'M nn. » Gage Attached To Ftane
' No. Vertical Tiaasvorss
Chart House
6 l v ] v 10‘:& I n [Smmmtuu deck hﬂ 3ibd of contecling
Farward Eagine Room
16 R v Flame 97 16% ft pert of canterline
) v ] Founcation of ceduction gear | 106 |5 ft 1bove keci S 1t 3tbd of canderline
{aftes eag) N . -
u v w Foundation of turdogeneratos | 112 (12 ft above heel § 1t port of centerime
(aftar end)
Steering Gear Room
] v Ve Decx 198 | Frest plattorm deck 1 8 port of conterhine
9 L v Bulkhesd stiffecer 196 |1 {t above tirat platform deck | 1 1t sthd of conteriing
1
*Direction of snsilive axis of mater: ¥ - Vertical R - Radial (normal to hulil) L - Loagitudisal
ByM = Vetocity aster (TUB Brit:=s\

TABLE 2.8 LOCATION OF INSTRUMENTS ON SSK3

Sosition | Onentation | Instrument Gaes Attached T 3 Locaton
N3ge Altached To 1ame
Xo . ® ¢ o vertical Tranyverss
1 R vy Yertical stitlener 41 | Bottom of hull Centerhine
R SSRM [ Vertical stiftener 38 | Bottom of huil 11t stdd of canteritne
1 R 1] Hull 43 [Ceaterhine of huit Port side of hult
3 L ] Bulkhead 2 3%t adove clatfoira deck 2%t pont of centertine
) v VM Buikhead 42 {6 1t above platform decx 2 ft poit of centetling
v SSRM  |Bulkhead stiltener 42 11 H above platform deck Y It patt of cantarling
H A vH Bulkhead 42 |5 1t above piatform deck 20t peit of conterting
A SSRY | Bulkhead stitfener 42|51 above platform dack % 1 port of centsrline
H v v Frundation of aain generalingl 57 {1 1t below resihient mouat of | Port side of eagims foundatins
set No 2 ngine
v SSRM | Foundation of main generating] 53 {1 [t below resiliont movat of | Poit side of mgiae foundation
sat No. 2 engine
? ¥ Ve M jenarating sat Yo, 2 3 IPlattorm-guck level Port side of engine
3¢ v 'l Jeck 13 | On slatfosm decx | noport of centaties
v SSAM | Deck 39 [ On plattora deck 2 1t port of centeriine
Jusection of 1ensitive ax1s of neter ¥ -~ dattical ] - Pagial formal to )
A - Atbwaitship L - Longituginal
byM < Velocity meter (TdB dar-aagaet)
TCR% - Shock spectrum recorder (TMB Uk 4), witii notor-driven spoal
Soages wastatied at this position for shot Umbreila only
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TABLE 2.9 LOCATION OF INSTRUMENTS ON SQUAW 29

Position OnenmioIInstrumnt ] N Location
N a b Gage Attached To Frame
e. No. Vertical Ttansverse
Bulkheads
1 v v Thim tank (fwd end) 2| Near top of tank Centerhne
v SSRH | Tum tank (fwd end) 2 Top of tank Centerline
4 L VM Toim tank (fwd end) 2 Top of tank Centetline
L SSR Ttim tank (fwd end) 2 Near top of tank Centesine
3 v AL Midship bulkhead 26% { 2 ft above centerline Centerline
v SSRM | Midship bulkhead 26% | 2 ft above centerline Centerline
4 L 0L Midship bulkhead 26% | Centarhine Centerline
L SSR Midship bulkhead 26% | Centerfine Centeshine
5 v Vi Trim tank (aft end) 51 Near top of tank Centarline
v SSRM -} Trim tank (aft end) 51 Top of tank Centerline
6 L VM Trim tank (aft end) 51 Top of tank Centerline
L SSR Tem tank (aft end) 51 | Near top of tank Centerline
Hull Stiffeners
1 R VK Hull stiffener flange 21 | Top of hull Centerline
R SSR Hull stiffener flange 21 | Top of hull Centerline
8 R VM Hull stiffener flange 33 | Tow of hull Centerline
R §S 4 | Huli stiffener flange 33 | Top of hutl Centerline
9 R VM Hull stiffener flange 33 1 45 deg port from top 45 deg up from port
R SSRM | Hull stiffener flange 33 | 45 deg port from top 45 deg un from port
10 R VM Hull stitfener flange 3 Centerline Port side of hull
R SSRM | Hull stiffener flange 13 | Centerline Post side of hull
It R Vi Hull stiffener flange 33 140 deg port from botton 50 d=g down trom port
R SSRM  § Hull stiffener flange 3 40 deg port from bottom 50 deg down from port
12 R VM Hull stiffener flange 33 | Bottom of hull Centerline
R SSRW | Hull stitfener flange 33 Bottom of hull Centerline
13 R VM Hull stiffensr flange 33 | 40 deg stbd from bottom 50 deg down from starboard
R SSRX | Hull stiffener flange 3 40 deg stbd from bottom 50 deg down from starboard
i) R VM Hull stiffener flange 33 | Centeriine Statboard side of hull
R SSRM | Hull stiffener flange 33 | Centerline Starboard side of hull
15 R VM Hull stiffener flange 3 45 deg stbd from top 45 deg up from starboard
R SSRM | Hull stiftener flange 3 45 deg stbd from top 45 geg up from starboard
16 R VM Hull stiffener flange 3% | Top of hull Centetline
R SSRM | Hull stitfener flange 38 | Top of hull Centerhine
17 ] VM Huil stiffener flange 38 | Bottom of hull Centerline
R SSR Hull stitfener flange 3 Bottow of hull Centerhine
Port Simulated Engine-Generator and Foundation (Engine-Generator Resiliently Mounted)
13 v VM Foundation of port engine 28% | 1 it above hull Inboard leg of foundation
v SSRM | Foundation of pott engine 30 11t below engine mount Centerline of engine
19 A VM Foundation of port engine 29 | 21t below engme mount Centerline of engine
4 SSRM | Foundation of port engine 29 2 ft befow engine mount Inboard leg of foundation
}
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TABLE 2.9 CONTINUED

. Location
Position Qrientation Insthument f
Yo. ) N Gage Attached To Fr‘a‘;\e Vercal Transverse
. Port Simulated Engine-Generatss and Fourdation (Engine-Generator Resiliently Mounted)
20 L L VM Foundation of port engine 30 1 ft below engine mount Inboard stiffener of foundation
L SSR Foundation of port engine 28 |21t below engine mount inboard leg of found2tion
21 v VM Port engine 30 Near top of engine Inboard side of engine
v SSRM | Port engine 30% |Top of engine Near outboard edge of engine
22 A v Port engine 29% | Top of engine Centerline of engine
A SSRM | Post engine 30 {Near lop of engine Inboard side of engine
23 L VM Port engine ! k)| Near top of engine Inboard side of engine
L S8R Port engine 3 Near top of engine Centerline of engine
Starboard Simulated Engine-Generator and Foundation (Engine-Generator Rigidly Mounted)
u v AL Foundation of stbd engine 28% | 1{t above hull inboard leg of foundation
v SSRM | Foundation of stbd engine 30 |11t below engine mov.t Centerline of engine
25 A Vi Foundation of stbd engine 23 |2# below engine mount Centerline of engine
A SSR Foundation of stbd engine 29 2 ft below engine mount inboard leg of foundation
26 L VM Foundation of stbd engine 30 1 ft below engine mount Inboard stiffener of foundation
L SSR Foundation of stbd engine 28 |2 ft below engine mount Inboard leg of foundation
2 v VM Starboard engine 30 | Near top of engine Inboard side of enginz
v SSRM | Starboard engine 300 | Top of engine Near outboard edge of engine
28 A VM Starboard eagine 2% {Top of engine Centecline of engine
A SSR Starboard engine 30 Near top of engine Inboard side of engine
29 L VM Starboard engine 3) Nzar tog of engine Inboard side of engine
L SSR Starboard engine 3 Near top of engine Centerline of engine
30 v VM Foundation of stbd gen 32 1 ft above tull Inboard leg of foundation
v SSR Foundatton of stbd gen 32 1 ft above hu!l Inboard leg of foundation
3 v VM Starboard generator 32 Near top of generator Centerline of generator
v SSR Starboard generator 3t Top of generator Centerline of generator
Starboard Simulated Motor and Foundation (Motor Rigidly Mounted)
32 -V VM Foundation of stbd motor 35 1 1t ahove huil Inboard leg of foundation
v SSRM Hull stiffener kL 2ottom of hull Centerline of motor
33 v VM Starboard motor 38 | Top of motor Centethine of motor
v SSRM | Starboard motor 394 | Top of motor Centerline of motor
Durection of sensitive anis of meter: V- Vertical R -~ Radial

dym
$SR

A - Athwartship

- Velocity meter (TMB bar-magnet)
- Shock-spectrum recorder (TMB Mk 4)
SSRM ~ Shock-spectrum recorder with motot-driven spoo!

L - Longitudnal

KE]
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TABLE 2.10 LOCATION OF INSTRUMENTS ON YFNBI12

. Location
P Ornientation| tnstrument
o;n:wn . 3 :r Gage Attached To Frame
y No. Verucal Transverse
i v -y W Longitudinal bulkhead i 1 £t above inner bottom Centerline
SSR Deck 7 Inner bottom Centerline
2 v A2 ] Longitudinal butkhead 17 1 ft above 1nner bottom Centerline
SSRM | Deck 1Y Inner bottom Centerline
3 A - VM Transverse bulkhead 17 | % ft sbove inner bottom Centerline
SSR Stitfener of bulkhead 18 | 2 ft above innet bottom Centerline
4 ¥ M Longitudinal bulkhead 23 | 21t above inner bottom Centerline
SSRM  |Stiffener of bulkhead ] 2 ft above inner bottom Cente:line
5 v M Deck 18 | Inner bottom 6 ft port of centesiine
SSR ., |Deck 13 | innar bottom 6 ft port of centerline
6 v VM Deck 19 Inner bottom 12 #t port of centerline
SSRM | Deck 19 innar Lotom 12 ft port of centertine
7 v 0] Deck 17 Main deck Centerline
l SSR Jeck 17 | Main deck Centeline
itection of sensitive axis of meter:  V ~ Varhical
A - Athwartship
LIV TTR Velocity meter (TMB bar-magnet)
SSR -~ Shock-spectrum recorder (TMB Mk 4)
SSRM - Shock-spectrum recorder with motor-driven spool

TAELE 2.11 LOCATION OF HIGH-SPEED MOTION-PICTURE CAMERAS

ON EC2
Position . Ditection
No. Equipment Photographed of View rield of View
Machinery Room

¢l Main engine Fwd & stbd | Top of man engine, pipe runs to engine

C2 Man engins Fwd & stbd | Base of main engine, including pedestals and
mounting boits

c3 500-hp Caterpillar diesef engine| Aft & sibd Forward and port sides of diesel, including
inboard mounting balts

G4 50C-hp Caterpillar diesel engine| Fwd & sthd | Supercharger of diesel engine

CS 500-hp Catemiitar diese] engine| Fwd & port | Starboard side of diesel, including mounting
bolts

cé Auxiliary condenser Fwd & stbd | Inboard sids of condensar with starboaid side
of ship in vackgtound

Nu. 3 Hold
7 Starboard side of ship Aft taner huli, inner bottom, and pipe runs
40




TABLE 2.12 LOCATION OF HIGH-SPEED MOTION-PICTURE CAMERAS

ON DD474 :
Position Diraction
No. Equipment Photographed of View Field of View
IC & Plotting Room A-207C
1 Cl | Master gyrocompass Fwd After side of gyro, with covars removed
Forward Engine Room B-2
- C3  |Turbogenerator Aft For4ard end of ganerator, including

overspeed tup

C4 [ Concanser, circulating pump, and valve| Port Lowas part of condenser and inboard side

' of pump

S, ] Reduction gear for starhoard sngine Fwd After end of gear, showing shaft and

mounting bolts
After Engine Room B-4

C6 | Flexure plate supporting tixbines Down & port] Top of {laxture plate, showing mounting

C7 | Flexure plate suoporting turbines Up & stbd | Botlom of flexure plate and subbase of
turbines

C8 | Reduction gear for port engins Aft & stbd | Port side of reduction gear, showing out-
hard mounting balts

C3 | 500-kw package-type turbogensrator Aft Forward end of generatcr, acluding
mounting bolts

C10 | 500-kw package-type turbogcneufot Stdd Port side of generator

TABLE 2.13 LOCATION OF HIGR-SPEED MOTION-PICTURE CAMERAS
ON DD592 AND DDS93

Position Direction
No, Equipment Photographed of View Field ¢f View
IC & Plotting Room A-207C
€1 | Master gyrocompass Stbd Port side of gyro, with covars removed
€2 | Computer Stbd & AR | Forward and port sides of computer
Forward Engine Room B8-2
€3 | Tuthogenerator Aft Forwatd end of genedator, including
overspeed trip
Ce Condeaser, circulating pump, and valve| Port Lower pait of condensar, and wodatd side
of pump
C5 | Reduction gear fur starboard engine Fwd After end of geatr, showing shaft and
rounting boits
After Engine Room B-4
' (o] Ficxute plate supporting tutbines Down & port| Top of flexuse plate, showing mounting
i boits
Q c7 Flexute piate supporting turbines Up & stbd | Bottom of Hexure piate and subdbase of
L\ turbines
Ao €8 | Reduction gear for port engine Aft & stbd | Port side of reduction gear, showiag orts
Q 50aid mounting doits
F; )
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TABLE 2.14 LOCATION OF HIGH-SPEED IAOTION-PICTURE CAMERAS
ON S8K3

Position . Direction Field of V
No. E.qu'lpment Photographed of View ield of View

Control Room

Cl Diving station and gyrocompass| Fwd & port| After side of gyro and general view of diving station

c? Fire co;\(rol station Aft & stbd {General view of station, showing controilers
Engine Room
C3  |Nos. 2 and 3 engine-generators | Fwd Inboard mounts of No. 3 engine and port-side mounts

of No, 2 engine

Faeils
PR AR
LN

£
E ]

TABLE 2.15 LOCATION OF HIGH-SPEED MOTION-PICTURE CAMERAS
ON SQUAW 29

AN

‘3
Y"

P A

Positicn o ‘
N No. Location of Camera Direction of View Fizid of View
Engine Compaitment
C! Midship bulkhead, port side | Aft & stbd Starboaid hull
C2 Midship buikhead, stbd side | Aft & port Port hull
C3 Midship tulkkead, center Aft & uo Crown of hull
cs Midship bulkhead, center ARt Generators, motors, and bulkhead 33%
Cs Frame 37 Fwd & up Cenwn of hull
e Battery Compartmeni
C4 Midsh.p bulkhead, centet Fwd & up Crown of hull
c7 Frame 15, port sice Aft & sibd Starboard hull
Cs Frame 16, stbd side Aft & pott Port hutl
CY Frame 16, renter ! Aft Top of batteries and bulkhead 26%
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Figure 2.1 Typical installation of a velocity meter and a shock-spectrum recorder. ‘The
velocity meter at the right {8 connected by a cable to a galvanometer channel in the oacil-
lograph shown in Figure 2.2. The shock~spectrum recorder 2t this location is equipped
with a motor, which drives the recording paper. The protective cover has been remov2d
from the shock-spectrum recorder to show five of the ten weighted cantilever reeds.

Figure 2.2 Recording equipment un resiliently mouanted table in recording center. The oscillograph

partly removed from its lead-lined housing, can he seen. Anothe. oslillograoh in a simular housing
Ou2

13 hudden betund the velccity-mzter control and calibrat..n panels cantievered {rom the table.
of the two thin-wailed 2a-ipch-diameter cylinders which support the table 13 visihle in the lowar left
curner of the pnctograph. The cylinders are designad to yield uncer shock road.ng"so 1s to limat

dcceleranons of the table to about 4 2.
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Figura 2.3 Typical wnstyllation of high-speed motion-picture cameras. Each
camera is housed vertically inside a heavv lead-lined cylinder. The cylinder
15 seismically s'.spended by means of three pairs of rubber (shock) cords
from a speciul frame. In order to take pictures horizontzlly, an adjustable
mirror s used. It 1S seen below the housing reflecting an image of the
cumera lens, Lights for illuminating the subject are resiliently mounted.
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Chapter 3 .

RESULTS, SHOT WAHOO

3.1 GENERAL OBSERVATIONS

On five of the seven instrumented ships included in the array for Shot Wahoo, recor.is
of the shock motions as a function of time were made successfully with all instruments.

On the DD592 and DD474, the two target destroyers closest to the detonation, no time-
based records were obtained by this or other projects because of failuré of the radio-trans-
mitted signals required to actuate the instruments. Failure to receive the signals resulted
from loss of electric power on the ships prior to the shot.

The mechanically operated shock-spectrum recorders installed on all five principal tar-
get ships operated successfully. On those ships on which signals were received, high-
speed cameras operated and projection-quality films were obtained. The degree of radia-
tion fogging did not significantly impair the quality of the prints from the motion pictures
and was not measurablie on the oscillograms.

Instrumented ships included in the target array for Shot Wahoo were (in order of range)
EC2, DD474, DD592, DD593, DD728, SSK3, and DD886. Approximate locations and orign-
tations of the ships at shot time are shown in Figure 3.1,

3.2 OSCILLOGRAPH RECORDS

Complete oscillograph records of shock velocity versus time were obtained from 2 sec-
onds before to approximately 20 seconds after detonation on EC2, DD593, SSK3. DD72%,
and DD886. Examination of the oscillogruph records showed that several excitations were
received at each of the ships. I[dentifiable excitations included those due to the shock wave
transmitted directly (rom the burst to the ships, a shock wave reflected from the ocean
bottom, and a pulse transmitted through the ocean bottom. No indication of a bubble pulse
was apparent. ,

Figures 3.2 through 3.13 are reproductions of significant portions of the oscillograms
of velocity recorded on the target ships. Traces on the oscillograms are labeled with posi-
ion numbers keyed to Tables 2.2 through 2.10. Each trace is also labeled with a calibra-
tion constant, which gives the velocity in feet per second corresponding to a galvanometer
deflection equal in magnitude to the length of the unit-deflection arrow shown on each os-
cillogram.

The times of arrival of the shock waves at selected instrument positions on each of the
ships are given in Table 3.1, The peak velocities, times of rise, and average accelera-
tions characterizing some of the shock motions are shown in Tables 3.2 through 3.6 for all
instrumented positions at which velocity~time records were obtained. Figure 3.14is a
tracing of a typical record showing the method of reading the values from the records.

A number of records were corrected {or motion of the seismic element of the velouny
meter by tabulating the recorded velocities at 1-msec time intervals and processing the
results in an [BM 704 high-speed digital computer. The tabulation process entirely
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suppressed {requencies of 1000 cps, but caused less than 10-percent attenuation of frequen~
cies of 250 cps or lower. Some of the corrected records are reproduced elsewher = in this

st

I,

M report.
g 5
.& 3.3 SHOCK SPECTRA
}'vj Data from shock-spectrum recorders was obtained successfully on all instrumented

:{jr ships (Tables 3.7 through 3.11). The tables show the maximum absolute acceleration of
,';:-:»‘, each reed of each recorder installed, with position numbers kéyed to Tables 2.2 through

‘ 2 2.10. Supplementary information for the shock-spectrum recorders used in Shot Wahoo
e giving reed frequencies, conversion factors for obtaining maximum relative displacements,
;; and limits of accuracy for both high and low accelerations is given in Table 3.12.
""a A number of velocity-meter records, which had been corrected on the high-speed com-
K ﬁ'§ puter, were also analyzed to obtain shock spectra of the motions recorded by the velocity
el meters. The computed spectra afforded a check of the consistency between corresponding
- velocity records and shock-spectrum records, and also allowed extension of the shock
e spectra to lower frequencies. Some of the extended shock spectra are reproduced else-

[ ® 'ﬁ ayt. whalh »
:’5’ where in this report.
Typical records obtained from shock-spectrum recorders with motor-driven paper sup-

¥
3“ i plies are shown in Figures 3.15 through 3.20.
50
4. 3.4 HIGH-SPEED MOTION PICTURES
o ;} High-speed motion pictures of the response of selected equipment on the EC2, DD593,
'5'- and SSK3 were successfully made with all cameras. The shock-isolation and radiation-
IR shielding arrangements designed for this operation proved to be highly satisfactory. The
f,\ films have been processed and copies suitable for projection are available at the David
¢ Taylor Model Basin, Washington 7, D.C,
-"' The films from the EC2 showed that, in general, damage that occurred within view of
; the cameras was a result of the direct shock wave, with increase in damage caused by the
1l reflected shock wave in some cases. As expected, the motions on DD593 and SSK3 were
Rl small, and no significant damage occurred within the fields of view of the cameras or these
W two ships. Relative motions for some items of interest were read from the films and are
O reproduced elsewhere in this report.

{

o 3.5 DAMAGE TO SHIP EQUIPMENT

Damage to ship equipment is described in detail in Reference 24. A brief summary of
damage 1s given below. A correlation of damage with shock motion will be presented in a

later section of this report.

» g
:
="

e
A SN L I )

3.5.1 Damage to the EC2., EC2 was broadside 2,390 feet from surface zero.
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3.5.2 Damage to Destrovers. DD474, 2,900 feet from surface zero, was the closest L
destrover. In this ship, flexure plate bolts, which hold the foundations of the main turbines, E
were deformed both in shear and bending. Misalinement resulting from the deformation of E
these bolts was taken up in the couplings. Although the turbines were still operable, the ¥
misalinement would result in excessive wear in the couplings. Brickwork on the floor of g
one boiler was damaged, and a 5-inch-ammunition hoist was disabled by failure of bolts. K
DD592 and DD593 were at 4,500 and 9,180 feet, respectively. The shock damage on i
them was negligible. DD728 at a range of 15,000 feet and the DD727 at 18,000 feet were 1
commissioned ships and, unlike the target destrovers, had electronic equipment on board. v
On the DD727, the Mark 25 radar and the Mark 56 gun fire control system were mude tem- g
porarily inoperative by the failure of electronic components. The RATT TT-48/UG radio {
teletypewriter was made inoperable by misalinement of mechanical gearing. On the DD72§, ;\:
the TBL transmitter was detuned and the sweep center of a SPA-8A radar repeater was by
displaced about ° & inch. E
»

A

3.5.3 Damage to Submarine Targets. The SSK3 was at periscope depth at 18,000 feet
from surface zero. As a result of the shot, the SSK3 lost electric power, Power was re:
stored by the crew within a minute. In addition, minor failures of electronic and ordnance
eyuipment occurred. -

The SS392 at 20,000 feet reported some minor malfunction from the detonation. The
stop bolts in Torpedo Tubes 3 and 4 raised, releasing torpedos. Several leaks occurred in

watet lines and air lines.
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Chapter 4

RESULTS, SHOT UMBRELLSA

4.1 GENERAL OBSERVATIONS

On the seven ships in the array for Shot Umbrella, records of the shuck motion as a
function of time were made successfully with all instruments. The timing equipment oper-
ated satisfactorily, aad the fiducial signals indicating the time of detonation of the bomb
were recorded on the oscillographs. Legibls records were ohiained on all but six of the
170 shock-spectrum recorders installed. All but one of the 44 high-speed cameras gave
satisfactory results. Except on the SSK3 (where no radiation shielding around the cameras
was provided), no appreciable fogging of the motion-picture films occurred. Ne oscillo-
gram was obscured by radiation fogging,

Instrumented ships included in the target array for Shot Umbiella were (in order of in-
creasing range) Squaw 29, EC2, DD474, YFNB12, SSK3, DD592, and DD593. Approximate
locations and orientations of the ships at shot time are shown in Figure 4.1,

4.2 OSCILLCGRAPH RECORDS

Complete oscillograph records of shock velovity versus time were chtained fiom 2 sec-
onds before to approximately 20 seconds after detonation on all seven instrumented target
ships. Each osciliogram shows several phasas of the shock motion. Identifiable excita-
tions included an initial gradual change in velocity caused by a seismic wave propagated
along the lagoon bottom and radiated into the water, a sharp shock motion due to the shock
wave traveling directly through the water, and a lateyr, less abrupt, change in velocity be-
lieved to be associated with the closurz of cavitatizn,

Figures 4.2 through .13 are reproductions of significant portions of the osecillograms of
velocity recorded on the target ships. Traces on the oscillograms are labeled with posi-
tion numbers keyed to Tables 2.2 through 2.10. Each trace is also labeled with a calibra-
tion constant which gives the velocity in feet per second corresponding to a deflection equal
in magnitude to the length o1 the unit-deflection arrow shown on each oscillogram.

The times of arrival of the shock waves at selected instrument positions on each of the
ships are given in Table 4.1. The peak velocities, times of rise, and average accelera-
tions characterizing some of the shock motions are shown in Tables 4.2 through 4.8 for ail
instrumeanted positions. The tabulated parameters were read in the same way as for Shot
Wahoo, 2s shown in Figure 3.14.

Several records were corrected for motion of the seismic element of the velocity meter
in the same way as for Shot Wahoo (Section 3.2).

4.3 SHOCK SPECTRA

Results from shock-spectrum recorders are listed in Tables 4.9 through 4.15. The
tables show the maximum absolute acceleraden of each reed 1n cach recorder installed,
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with position numbers keved to Tables 2.2 through 2.10. Supplementary information on the
shock-spectrum recorders used is given in Table 3.12.

Velocity-meter records, which had been correcied on the high-speed computer, were
alz0 analy zed to obtain shock spectra. Somw of the shouk spectra as extended by these cal-
culations are reproduced elsewhere in this report. ’

Typical records ohtafned from shock-spectrum recovders witl: motor-driven paper sup-
plies are shown in Figures 4.14 through 4.24.

4.1 HIGH-SPEED MOTION PICTURES

High-speed motion pictures of the response of selected equipmernt on six of the seven
target ships {no cameras were installed on YFNB12) were successfully made. Projection-
quality prints, inappreciably affected by radiation fogging, are available at the David Taylor
Model Basin for viewing. Relative motions for some items of interest were read from tie
films and are reproduced elsewhere in this report.

4.5 PROTECTION OF FILM RECORDS FROM RADL,TION

Camera and oscillograph films on £EC2, Squaw 29, YFNB12, DD474, DD592, and DD593
were protected from the expected nuclear-radiation levels by enclosing the recording in-
struments in lead housings. Each oscillograph was placed within a steel box lined with
lead 3 inches thick, with an inner wall of 1/¢-inch aluminum. Housings fcr the high-speed
1iotion-picture cameras were cylindrical, with walls of lead 2''4¢ inches thick and inner
liners of Y-inch aluminum. One end of each housing was closed with lead 3 inches thick,
but the other end (facing downward) was open except for a glass cover-plate in order to al-
low light to reach the camera lens. Photographs of the housings are shewn in Figures 2.2
and 2.3. . '

Standard personnel-type film badges and pachkaged pieces of camera and oscillograph
film were installed at many of the camera and osciilograph locations for Shot Umbrella,
with some samples placed within and some placed ouvside the lead housings. The {ilm
badges were analyzed for equivalent roentgens as a roagh indication of the radiation level
that might affect the film, and the pieces of film were examined for radiation fogging.

The film badges indicated that the total radiation within each oscillograph housing was
less than 1 percent of the radiation outside the housing. The camera housings reduced the
total radiation at each camera to an average of 3 percent of radiation outside the housing.
There was considerable variation in the protection afforded by individual camera housings,
possibly due to the directional effect of the open end of the housing.

Samples of oscillograph film (Linagraph Ortho) and camera {ilm (Super X) stored out-
side the lead housings on the EC2, DD474, and DD592 were badly fogged and would not have
been capable of reproducing legible records.

4.6 MECHANICAL DISPLACEMENT GAGES ON SQUAW 29

Twenty-four mechanical displacement gages, which had been installed on Squaw 29 to
measure maximum relative displacement between the resiliently mounted port engine-
generator and its foundation for Operation Wigwam (Reference 5), were also used during
Shot Umbrella. The gages consisted of pyramids of sheet lead, which were deformed by
deflection of the engine relative to its foundation.

Maximum deflections of about 3/4 inch in all directions were noted by inspection of the
gages at the four corners of the engine-generator during an examination ot Squaw 29
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shortiy after Shot Umbrella, but measurements of individual deflections were not made.
After the nunal examination, the extarnal ballast keel of Squaw 29 was removed by explo-
sive charges (Section 4.7.2). Subsequent measurements of individual gage defllections are
not believed to be reiiable, because of the pessibilit, that the deflectians were increased
by the shock motions caused by the explosive remaval of the keel.

4.7 DAMAGE TO SHIP EQUIPMENT

Damage to ship equpment on tite EC2 and sarget destroyers is described in Reference
24. A brief summary of damazge is given below. A correlation of damage with shock mo-~
tion is presented in a later section vi this report.

4.7.1 Damage to Destroyers., DD474, stern-on 1,920 feet from surface zero, was the
ciosest destroyel. In this ship, bolts and brackets for the flexure plates that supported the
main turbines and condensers were further deformed, and scme of the flexure plates buck-
led. Misalinement resulting from the deformations was taken up by flexible couplings e~
tween the turbines and the waln reduction gear. Although the misalinement would have
seriously reduced the operating life of the couplings, no immediate failure osccurred, and
the starboarc propuisicn plant continued to eperate at full speed for 15 minutes after the
shot until automatically shut cown. The ship's master gyrocompass was made inoperable
by failure of gimbal~support sprisgs. Brickwork in thrree of the four boilers was out of
place. The sonar-head training -motor fell off its supports, prevemiing rotation of the sonar
heads. Taere was further gun damage, vonsiderzkie breakage of light bulbs, and derange-
ment of safes, cabinets, and water closets.

No significant damage was fuund on DD392, broadside at 2,980 feet, or or DLA0U, stern-
or at 7,930 feet from surface zero.

4.7.2 Damage to Squaw 29. Squaw 29 was submerged to periscope depth at a range of
1,640 feet from surface zero, oriented stern toward the burst.

The preliminary inspection showed thai one of the i3 holddown bolts (HG steel, a -inch
diameter) at the inboard side of the starboard simulated engine-generator was broken
(Figure 4.25), and that all of remaining mountmg halts were loose, with elongations up to
/4 irch. All 26 holddown boits (Class B steel, /3 -inch diameter) for the center simulated
engine-generator were similarly stretched, but none were brecken. The 22 bolts holding
down each simulated propulsion motor (1~inch diameter, of HG steel fur the poit motor and
of Alloy 2 for the starboard motor) were loose, but none were broken. The mounting bolts
of three of the six EES A6L resilient mounts supporting the port simulated engine-generator

P

.
E

:::‘-:: were loose and noticeably hent.

\ An electrical connection box attached to Frame 43 in the after cone, and one of twobolts
'i:f{ holding an electrical pane!l hoard to the same frame were broken (Figure 4.26). Tlere was
A some cracking of the wooden strips holding down batteries in tke battery compartment. and
Z_j:"' some of the concrete simulated batteries were cracked and chupped, kut none had shiftedor

come adrifl. No other equipatent damage was noted during the preliminary su:ve).

After the preliminary inspection «nd cecovery of records, the external bullast keel wos
removed from the Squaw by detonating 5-pound charges of C-3 plastic explosive in conta.
with the keel supports. It is estimated that these eharges produced local hull velodsties 10
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excess of 36 ft 'sec at the bottom of the pressure hull near each keel support. An inspection
of the Squaw after the keel bad been removed disclosed that the charges had caused a sig-
nificant increase in the extent of equfpment damage. All 13 bolts holding down the port
side of the center simulated engine-generator were broken, as weie two additicnal bolts on
the inboard side of the starboard enginergeneyator.

In view of the damage resulting from remotal of the keel, the results of a later compicte
damage survey conducted at Pearl Harbor Naval Shipvard are not considered pertinent. Ex-
amination of the single bolt thut wus broken by Shot Umbrelia indicates that the boli biroke
at the base of the threads under shear and bending loading. Most of the badly deformed
bolts were found to have cracks at the base of the threads.

4.7.3 Damage to YFNB12. No equipment damage occurred on YFNB12, which was lo-
cated stern toward the burst at a range of 2,410 feet.

4.7.4 Damage to SSK3. SSK3, end-on with its center 2,840 feet from the burst and its
keel at 54 {eet, received the following very minor damage io equipment: The denter bolts
of the No. 1 hydraulic plant stretched up te Y inch, the unbonded torsion snubbers parted,
and some of the valves collided with the accumulator. Bolts loosenad in the gyvro repeater.
The ground detector for the electrical system was inoperative. Bolts attaching the lubri-
cating-oil cooler and the {resh-water cooler to the No. 2 main engine loosened. The No. 3
torpedo tube fiooded, and a number of fluorescem light bulbs were broken.

4.7.5 Damage to EC2. The EC2 wns located port side facing the burst at a range of
1,710 feet. The ship's main and auxiliary machinery had been previously disabled in

Wahoo.
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Figure 4.25 Inboard side of starboard simulated engine-generator
in Squaw 29 after Shot Umbrella. Note location of missing holddown

bolt. All other bolts were elongated.

Figure 4.26 Broken electrical connection box in forward compartment of
Sguaw 29 after Shot Umbrella. Note location of missing bolts that fastened
electrical panel beard to frame. One was broken in Shot Umbrella
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A In Chapter 3 the tzst results from Snot Wahoo were presented without interpretation. In
4’, this chapter some pertinent calculations are made and the test results are discussed and
Ay compared with theory.

by

Mt

fa. 5.1 CALCULATION OF REFRACTION EFFECTS

As indicated in Section 1.4, the vertical bodily velocity of the surface taygets for Shot

& 2-5 Wahoo was expected tc depend on the peak pressure in the shock wave and on the angle of

o ‘i-q incidence of the shock wave with the ocean surface. Refraction caused by vaciations in

}ﬁé temperature and density of the water through which the wave was transmitted had an appre-

Qﬁ ciahle effeat on both the value of the peak pressure and on the dire:tion of travel of the

3 A shock wave for Shot Wahoo.

""g;"_-}« The direction of travel of the shock wave was determined by computing acoustic raypaths
s passing through the position of the charge at 500-foot depth. The calculations were based

o % o9
R

'.}:,*t'.'«
- LARL

on the ve'city of sound as a function of depth, as estimated for the water under surface
zero at spot time by Project 1.13 (Reference 25); see Table 5.1. It was assumed that the
high-frequency compenents of the shock wave traveled outward from the burst in directions

-w, parailel to the acoustic raypaths, and the pressure at the shock front was therefore calcu-
§ lated from the lengths of the rays and from the distances between adjacent rays.

-;.‘A Calculations were coded for a UNIVAC computer, which supplied horizontal ranges, di-
AR rections of the ray, acoustic arrival times, peak pressures, and vertical particle veloci-
b ;

Gl ties from Zquaticn 1.1 at 56 points along each acoustic ray. The calculations were dased

2 q g )

on ti:e standard TNT formula of Reference 26 scaled

In Figdre 5.1 peak pressures calculated near
the ocean surface are compared with pressures supplied by Project 1.1 in Reference 27.
Calculated vertical particle velocities at the ocean surface are shown in Figure 5.2. Note
that the peak pressure near the ocean surface would be less than the calculated value if
anomalcus surface reflection occurred.
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“flvé.f 5.2 RANGES AND ORIENTATIONS OF TARGET SHIPS

o

,«g\ Tue velocity of the shock wave was appreciably higher than acoustic velocity in the high-
AN pressure rezion near the explosion. The arrival time of the shock wave at 254 feet radial
X0y distance from the burst was taken from Table A.3 of Reference 28 (calcula-

Y

tions from 254 to 400 feet in Reference 28 were igncred as being possibly in error), and
the acoustic arrival times thereafter were corrected for the velocity of the shock wave as

¢
,

,,.
it

!

k‘y_»,{: a function of pressure (Reference 26). The horizontal ranges of the EC2 and DD593 were
ﬁ"j‘:& determined by comparing measured arrival times (Table 3.1) with arrival times caiculated
A along various rays.

Orientations of the target ships relative to the direction of propagation of the direct
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shock wave were determined from the relative arrival times of the shock wave at different
positions on the ships.

Ranges and orientations of the targets for Shot Wahoo are shown in Table 5.2. The es-
timated accuracy of each orientation angle is shown 1n the table. The accuracy of the cal-
culations of ranges depends on the accuracy of the data on the velocity of sound in Table
5.1 and on the accuracy of the correction for the velocity of the shock wave from References
26 and 28.

5.3 VARIATION CF VERTICAL VELOCITIES OF TARGET SHIPS WITH RANGE

Peak vertical velocities measured near the bases of bulkheads on the target ships dur-
ing the response to the direct wave have been plotted in Figure 5.2. Also shown in the fig-
ure is the vertical velocity of the surface water calculated for isovelocity water according
to Equation 1.2, The vertical particle velocity calculated with allowance for refraction i~
observed to be a fair measure of the peak velocity near the bases of bulkheads on the tar-
get ships EC2, DID593, and DD728. Table 5.3 summarizes some of the calculations at the
positions of the target ships, and Table 5.4 gives scme ratios between measured peak
velocities and the calculated vertical particle velocities on the EC2 and DD593.

5.4 DECELERATION AND VERTICAL DISPLACEMENT ON TARGET SHIPS

Vertical velocity and displacement recorded at the base of Bulkhead 88 on the EC2 are
shown in Figures 5.3 and 5.4, and vertical displacement recorded at the base of Bulkhead
110 on DD39Y3 is shownin Figure 5.5. Some of the major features of the recorded motions
may be explained in terms of the incident shock. waves, as indicated by the calculated mo-
t:ons shown by thin lines in the figures.

Impulse calculations for a. depth equal to the draft of the EC2, as shown in Table 5.3,
give an initial peak velocity of for the bodily motion of the ship. The incident
pressure wave would be cut off by the arrival of the surface-reflected wave after 1.6 msec,
ard the pressure at 21.5-foot depth caused by superposition of the decaying incident wave
and the negative surface-reflected wave would be lower than absolute zero pressure. Cayv-
itation would be expected to occur and the actual pressure would fall no lower than absolute
zero, which is 25 psi below the initial hydrostatic and atmospheric pressure.

The calculated velocity~-time curve of Figure 5.3 shows an initial peak velocity

followed by a roughly constant deceleration of 2.5 g corre-
sponding to the existence ofa vacuum underthe bottom of the EC2. The measured peak ve-
locity was about 12 percent higher than the calculated velocity, but the average velocity
and displacement followed the calculations fairly well for about 80 msec after the arrival
of the shock wave.

Beyond this time the records from the velocity meters
are apparently not reliable because of accumulated errors in correction for motion of the
seismic element of the meter. Complete records have been reproduced in the figures,
however, so that the general effect of later pulses may be seen.

Vertical displacement of DD593 in response to the direct shock wave is shown in Figure
5.5. In contrast to the EC2, pressure at the draft of DD593 apparently did not fall to ab-
solute zero after passage of the initial shock wave. A vacuum existing at the depth of 13
feet would lead to an average deceleraticn of 3.5 g.

If cavitation does notoccur, the deceleration depends onthe pressure resulting from the
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superposition of the incident and the surface-reflectzd pressure waves, and the complete
time-history of the pressure pulse must be known in order to determine the response of the
ship. The thin line in Figure 5.5 shows the upward displacement which would result if the
incident pressure wave decaved exponentially from its peak value with a time constant of
25 msec. Calculations were made as described in Reference 6. The difference between
the calculated and measured displacements$ is due at least in part to the fact that the as-
sumed exponential decay of the incident pressure wave is a poor approximation when re-
fraction effects are prominent.

Estimates of the pressures produced by the superposition of the incident and surface-
reflected waves at depths equal to the drafts of the ships suggest that the deceleration phasc
of the shock response of DD474 to the direct shock wave was probably controlled by cavita-
tion, while no cavitation would be expected at the draft and position of DD592. Calculations
similar to those made for the EC2 indicate that DD474 would reach a maximum upward dis-
placement after arrival of the direct shock wave. By anal-
ogy with the EC2, the actual upward displacement may have been considerably larg.r.

5.5 VARIATION OF BULKHEAD MOTION WITH HEIGHT IN SHIP

The data for the response to the direct shock wave shown in Tables 3.2 and 3.3 indicates
that the time of rise to peak velocity increased with distance above the keel in the EC2 and
DD593, and that the average acceleration decreased as the rise time increased,

Figure 5.6 shows vertical velocities at two positions on Bulkhead 88-89 on the EC2.
The increase in rise time and decrease of acceleration with height may be observed by
comparing the two records with each other and with the record of velocity at the base of
the bulkhead (Figure 5.3). An increase in peak velocity with height is also noted in the
comparison. The peak velocity at the upper-deck level on the bulkhead was nearly 25 per-
cent greater than the peak velocity at the base of the bulkhead.

Figure 5.7 shows the upward displacements at three levels of Bulkhead 88-89 on the
EC2.

The compression diminished as the upper part of the ship began moving upward.
and the bulkhead regained its original dimensions after the arrival of the
shock wave. Later relative displacements indicated by the figure are not reliable because
ofthe accumulation of errorsin correcting the records for motions of the seismic elements
of the velocity meters.

The increase in peak velocity and the decrease in average acceleration at the upper lev-
els of the ship can be understood as a consequence of the dynamic response of the ship.
Figure 5.8 shows the calculated velocity of a simple spring-mass system in response to a
triangular pulse of velocity applied at its base. Both the peak velocity and the rise time
for the response are seen to depend on the ratio of the length of the triangular pulse to the
period of the spring~-mass system.

The
rise time at the upper-deck level of the bulkhead was 0.4 times the pulse length, and the
peak velocity was 1.4 times the velocity of the triangular pulse. These values are con-
s1stent with a pulse length of about 0.9 of the natural period of oscillation and indicate an
effective natural frequency of about 12 cps for the upper part of the bulkhead.
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5.6 VARIATION OF VERTICAL VELOCITY WITH STRUCTURE

Upward peak velocities considerably larger than the computed vertical particle velocity
were observed at several positions on the hull or on foundations of equipment on the EC2
and DD393. Table 5.4 shows some of the measured peak velocities expressed as ratios to
the calculated vertical particle velocity.

At least some of the increase in peak velocity may be attributed to dvnamic response of
the structures to which the meters were attached, as described in Section 5.5, Figure 3.9
1s a comparison of the velocity recorded on the inner bottom at the center of Frame 97 on
the EC2 with the triangular pulse of velocity described in Section 5.4.

Peak velocities appeared to be influenced by the nature of the mass loading at the instru-
mented positions. The largest peak velocities were observed at unloaded or lightly loaded
portions of the hull. The largest vertical velocity recorded on the EC2, double the calcu-
lated particle velocity, was recorded in the shaft alley, Two lightly-loaded positions on
the keel gave the highest vertical velocities on DD593, both about 2.5 times the estimated
vertical particle velocity. Velocities on bulkheads and on foundations of very heavy equip-
ment were significantly lower than the velocities on lightly loaded structures and were
nearer to the calculated vertical particle velocities.

5.7 INWARD MOTIONS OF HULL FRAMES

Positions 6 and 8 on the EC2 recorded the motion of a frame below the waterline on the
side of the ship facing the burst.

Inward displacements of the frame are shown in Figure © 11. The shock spectrum of
the motion at Position 6 is shown in Figure 5.12, as obtain.-d from the shock-spectrum
recorder and from an analysis of the initial 25 msec of the velocity-meter record. The
generally close agreement between the spectra obtained from the two different sources in-
dicates that the record from the shock-spectrum recorder was not greatly affected by
vielding of the reeds,
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(Table 3.12).

Yy ’ja': Accelerations obtained from the analysis of the velocity-meter record for frequencies
“‘:ﬁr{, below 30 cps tended to be low, because the length of record analyzed (25 msec) was in-
.w,}"f? sufficient to allow the response of a low-frequency system to proceed through enough com-
é-}—_;! plete cycles to reach its largest maximum value. The velocity-meter records were tabu-
A lated at increments of 0.2 msec for the analysis shown in Figures 5.10 through 5.12, and

o

the high-frequency analysis was therefore adequate up to the 1200-cps limit set by the re-
cording galvanometer.
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A velocity meter at Position 16 on DD728 measured radial velocity of a frame below
the waterline on the side of the ship facing the burst.

5.8 ATHWARTSHIP MOTIONS

As indicated in Tables 3.2 and 3.3, peak athwartship velocities on the EC2 and DD593
were significantly smaller than peak vertical velocities measured nearby, except for the
positions below the waterline on the side of the hull facing the charge and except for Posi-
tion 13 near the starboard side of the EC2,

Table 5.5 summarizes data obtained from athwartship velocity meters on the EC2 dur-
ing the response from the direct shock wave. The duration of the initial pulse of velocity
increased regularly with height in the ship, so that although the peak velocity was slightly
smaller at the upper-deck levels, the initial athwartship peak displacement of the EC2 in-
creased from the inner bottom to the upper deck.

Figures 5.13 and 5.14 show athwartship velociti€s and displacements at two different
heights on the EC2. The initial peak displacement is reliable. However, following the
initial displacement, the recorded velocity returned nearly to zero, and the later steady
increase in displacement shown in Figure 5.14 was due entirely to correction of the re-
corded velocity for motion of the seismic element of the velocity meter. Because of the
relatively large magnitude of the correction, this later displacement is not believed to be
reliable. The severe upward accelerations applied to each of the ath“artshxp meters may
have buckied the supporting springs for the seismic magnets, and the correction for mo-
tion of the magnet would then show a drift in displacement because of a shift in the equi-
librium position of the magnet. ,

5.9 SHOCK MOTIONS CAUSED BY SHOCK WAVE REFLECTED
FROM THE OCEAN BOTTOM

A second shock motion, which was recorded about 0.5 second after the initial shock mo-
tion on the EC2, DD593, and DD728, was apparently produced by a shock wave reflected
from the ocean bottom. The shock wave that produced this motion approachedthe EC2 and
DD593 from a deeper point than the direct shock wave, as shown by relative arrival times
at different positions on each ship (Table 3.1). It arrived almost exactly at the time cal-
culated for transmittal of a bottom-reflected wave to the EC2, DD593, and DD728.

Because no signal indicating time of detonation was recorded on SSK3 or DD886, and be-
cause both targets were broadside so that the upward angle with which the shock wave ap-
proached the ships could not be accurately determined, an unambiguous identification of
the reflected shock wave could not be made on these targets. '

The shock motions caused by the reflected shock wave were generally Tess abrupt than
those due to the direct wave. Average rise time to peak velocity for the shock motions
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from the reflected wave was larger than the average rise time for the direct wave by a
factor of 1.3 on the EC2 and by a factor of 3.6 on DD593. The increase in rise time sug-
gests that the reflected wave either had a gradual rise to peak pressure or consisted of a
series of pulses occurring in rapid succession over a period of several milliseconds. On
DD886 the reflected wave appeared to have dispersed into an initial sharp shock wave fol-
lowed by pulses of lower pressure but greater impulse near the ocean surface (Table 3.6).

In Table 5.6 calculated parameters of the bottom-reflected wave are compared with
measurements of velocity made on the target ships.  The values of pressure, velocity, . ad
angle of incidence shown in the table were calculated for straight-line raypaths reflec':.
from the ocean bottom shown at the Wahoo site in Reference 25, as corrected by subse-
quent errata sheet. The calculated values of velocities have been compared with peak ve-
locities measured at lower levels on the target ships, and an apparent reflection coefficient
has been defined as the ratio of the measured peak vertical velocity at the lower levels of a
ship to the vertical particle velocity of the surface water calculated for perfect reflection
with no allowance for focusing or refraction. It allows estimation of foundation velocities.
The apparent reflection coefficient includes not only attenuation during the reflection from
the ocean bottom but also effects of refraction of the reflected wave and focusing of the
wave due to curvature of the ocean bottom.

The apparent reflection coefficient is plotted as a function of the angle of incidence at
the ocean bottom in Figure 5.15. The simple variation of the coefficient with angle shown
in the figure suggests that the ratios of velocity observed were not greatly affected by var-
iations in refraction or focusing effects, and that the apparent reflecticn coefficient is
mainly a measure of the real variation of reflection coefficient.for the shock wave with
angle of incidence at the ocean bottom.

In Figure 5.16 the velocity produced at the ocean surface by the reflected shock wave
has been plotted for three directions from surface zero on the assumption that the apparent
reflection coefficient was a function of the angle of incidence of the shock wave at the ocean
bottom only. The differences among the curves are due to differences in bottom contours
in different directions from surface zero.

5.10 SHOCK SPECTRA

The shock spectra of Tables 3.7 through 3.11 show the maximum responses of lightly
damped vibrating systems to the shock motions of the target ships. Reeds in the shock-
spectrum recorders had damping less than 1 percent of critical damping, and the lower
frequency reeds continued to oscillate with measurable amplitude for as long as 10 seconds
after the initial shock excitation., Because of the low damping of the reeds, shock pulses
that occurred after the initial shock on the target ships acted on reeds that were still vi-
brating in response to the initial shock. The response of the reeds to the subsequent mo-
tions depended on the phase of the vibrations at the time of occurrence of the later motion,
and the later motion sometimes caused increases and sometimes caused decreases in the
overall amplitude of response of a particular reed.

On the EC2, of the five positions at which good time-histories were obtained from the
motorized shock-spectrum recorders, the bottom-reflected wave caused an increase in the
response of the 20-cps reed at three positions, and a decrease in response at two posi-
tions (Table 3.7). The effects of all of the shock motions on the reeds may be seen in the
records from the shock-spectrum recorders with motor-driven paper supplies (Figures
3.15 through 3.19). Figure 3.17 shows particularly clear examples of an increase in
amplitude from the subsequent motions (20.0 cps), a decrease in amplitude from the shock
pulses immediately following the initial shock but an increase in amplitude from the
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bottom-reflected wave (28.3-cps reed), and a decrease in amplitude from the bottom-
reflected wave (40.3~cps reed).

When the maximum response of a reed in a shock-spectrum recorder occurs as a re-
sult of subsequent shoch excitations many cycles after the reed was initially set :n motion,
the value of the maximum response depends critically on the exact frequency of the reed
(because of phasing) and on damping (because of the decay of the initial motior). The re-
sponse of the reed 1s then no longer an accurate indication of the response that would be
expected on a system of nearly (but not exactly) the same frequency, or of approximately
(but not exactly) the same damping as the reed. Under these conditions, shock spectra
showing the maximum responses of the reeds to all of the shock motions give only a rough
indication of the level of shock response of equipment. A shock spectrum indicating the
peak responses during only the first few cycles of motion of the reed may be more useful,
especially for application to equipment with damping larger than the damping in the reeds.

5.11 ESTIMATE OF MOTIONS OF DD474 AND DD592

Although no time-base records were obtained on DD474 and DD592, peak bodily veloci-
ties from the direct and bottom-reflected waves have been estimated by calculations based
on data from the EC2, DD593, and the operating destrovers, and are shown in Tables 5.3
through 5.6 and in Figure 5.16. Some information as to the shock motions were obtained
from the shock-spectrum recorders that furnished records of the peak responses of reeds
with frequencies of 20 to 450 cps on DD474 and DD592 during Wahoo.

The calculations indicated that DD474 received two major chock excitations. The first
excitation, from the direct wave, was the more severe, and was followed about 0.8 second
later by an excitation from the bottom-reflected wave. Shock spectra recorded on DD474
for Shot Wahoo were similar in magnitude to those recorded on the same target for Shot
Umbrella. Considered position-by-position and frequency~by-frequency, the shock-spec-
trum accelerations for vertical motions of bulkheads and foundations on DD474 for Shot
Wahoo were larger than those for Shot Umbrella by a factor of 1.1, with a standard devia-
tion of 0.2 in the ratio.

DD592 also received two major shock excitations, but the shock from the bottom-reflected
wave (arriving 0.7 second after the direct wave) was probably the more severe. Shock-
spectrum accelerations for vertical motions of bulkheads and foundations on DD592 for Shot
Wahoo were larger than those for Shot Umbrella by a factor of 1.5. Low-frequency reeds
were relatively more excited by Wahoo than by Umbrella. A standard deviation of 0.8 ob-
served in the ratios of the accelerations was due to the variation of ratio with frequency.

Records {rom motorized shock-spectrum recorders on DD474 and DD592 in Umbrella,
as shown in Figures 4.18 through 4.23, showed that the reeds used for the comparison '
with Wahoo responded to several shock motions, and that the maximum responses of many
of the reeds occurred a considerable time after the initial excitation. Similar effects cer-
tainly occurred on DD474 and DD592 during Wahoo, as suggested by the records obtained
from the operating motorized shock-spectrum recorders on the EC2 (Figures 3.15 through
3.19). As described in Section 5.10, the overall maximum response cannot be ascribed to
a particular shock excitation,
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TABLE 5.1 VELOCITY OF SOUND USEDL IN REFRACTION
CALCULATIONS, SHOT WAHOO

ks
T
-x!-d'-!é‘

Depth Velotity of Sount

."2:: ft 1 see
3 0 5.045
- 200 3,056

300 5.050
320 5,040
330 3.050 . .
550 3,020
376 5,010
420 5.000
465 1,000 .
395 4,980
546 4,970
618 4,950
646 4,940
694 4,936
756 4,920
§38 1.01v
BN 4.900
1,200 1.390
1.502 3. 880
1.9%¢ 1,870

A\
TABLL 5. RANGES ANL ORIENTATIONS OF TARGETS, SHOT Walo+:

Rang‘.-.« anu oNlentations were obtaired from the arrnal umes of Ihv dive.t shook wave at instrument positions
or ¢luh tirget  Oientations are “Cative 10 the dileelior 6 *tats 6 1% shock Rave at the target.

ship ik;v:vm\ Pomnt Hu, l.’.on:.'n Range Ru x--.-.-.-?u Lire  Asgle Wit Cosine ot Attitue of Ship
or Range srom Surface 2evo for Ang Shock Wave Angle
ft aegiv
EC2 Rev! at rrame o, 2080 Leongitwthinzl T4 n,19¢  Starboard side facing burst, with
centerline bow nearer burst thun stedp
Line across 32: 8 0.350
hottom, Fr 97
DD474  Center of ship 2,900 —_ —_ —  Stern toware burst
DD392  Center of ship 1,900* —_ _— —  Swarboard siae facing burst
DD3%S  heel at Frame 46 $,180 Longrtuchnal a2 0.96%  Stern toward burst
senterhine
DD72%  Cente: of ship 15,0000 Longiiudshial 9¢ -} 0,000 Broacside, poit side tacing buy +*
centerhine
S8K3 Cente: ol ship 18,0000 Longitudinal ez 2 0,006 Eroadsitie, port side fuviag Haisi.
wenieriine submergea 50 feet 10 Kew!
DDR&S6  Center of ship 30,000° Longmiudinai a0z 0,600 Broadside, port sice faving srrs
centerhine

® Value from Refcrence 26, Frducial zero-time signai not recoldea ob tois targel
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TABLL L2 PRLAN VELOCITIES RELATIVE TO VERTICAL PARTICLE VELOCITY
FOR DIRECT WAVE, SHOT WAHOO

The calvalatea verneal particle velomity for the EC2as 7.8 ft se¢  For DD, 0.20

ST oswl WAy useed this Ve 3§ questionable Beviuse of un ertinnty an the moivacuor

diate Frgures 5.1 and 3.0

Position Ratio 0! Peuk
Ship ) Location Velodity to Vertieal

Ny r
. ) "mbf’ Purtich Vela a
. EC2 1 Bottom center of Bulkhead 8% )12
5 Inner bottom, port side, Frame 27 1.27
v S.bouse O main engine 1.2¢
2 Inner bottom, center of Frame 95 142
4 Inner bottom, starboard sige. Frams 8% L&0
12 Inner vottom, Frame 103%,, ai foundation of

diesel engine 1.80
28 Shaft alley at Frame 166 2,060

D393 20 On {oundation of reducuion gear, Frame 102 0.9

21 On foundation of reduction gear, Frame 1061, 0.9

23 On loundation of turbogenerator, Frame 110 0.9

10 Bulkhead 924 'y $.3 feel above keel L]

32 Or tounaation of turbogencrator, Frame 104 1.

157 Bulkhead 110 at kew! L3

i3 Keel at Frame 99 2.3

1 Reviat Frame 22 23
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Chapter 6

DISCUSSION, SHOT UMBRELLA

In Chapter 4 the test results from Shot Umbrella were presented without interpretation. In

this chapter some pertinent calculations are made, and the results are discussed and com-
pared with theory. '

6.1 RANGES AND ORIENTATIONS OF TARGET SHIPS

Ranges and orientations of the instrumented ships in the target array were calculated
from the arrival times of the direct shock wave .t the ships, The arrival time of the shock
wave at 14.85 feet radial distance from the burst was taken from Table 3.2
of Reference 28, and arrival times thereafter were calculated from the velocity of the shock
wave as a function of pressure (Reference 26). Average pressures reported by Project 1.1
were used to compute velocity along straight-line raypaths. The velocity of sound in the
lagoon was taken as 35,045 ft ‘sec. and the depth of burst as 140 feet. Horizontal ranges of
the targets were determined by comparing measured arrival times (Table 4.1) with arrival
times calculated along various rays.

Orientations of the target ships relative to the direction of propagation of the direct. .
shock wave were determined {rom the relative arrival times of the shock wave at different
positions on the ships.

Ranges and orientations of the targets for Shot Umbrella are shown in Table 6.1. The
estimated accuracy of each orientation angle is shown in the table. The accuracy of the
calculations of ranges depends on the accuracy of the acoustic velocity assumed and on the
accuracy of the corrections for the velocity of the shock wave from References 26 and 28.

6.2 VARIATION OF VERTICAL VELOCITIES OF TARGET SHIPS WITH RANGE

Estimates of the pressure field {rom Shot Umbrella made prior to Operation Hardtack
(Reference 30) indicated that the shock wave pressure would differ considerably from the
pressure computed for free water, and that the impulse in the shock wave would be de-
creased by effects occurring in shallow water. Equations 1.1 and 1.2, in which the im-
pulse is assumed to be the same as that in free water, might therefore not be suitable for
estimating the vertical shock velocities to be expected on the target ships.

A direct calculation of the impulse in the shock wave was carried out after Shot Umbrella,
using pressure-time data in Reference 27. Table 6.2 shows some of the calculations made,
and Figure 6.1 shows the vertical velocity as a function of range obtained from the calcu=
lations for 13-foot draft. The figure also shows for comparison the velocity calculuted by
Equation 1.2 at a depth of 140 feet.

Plotted in‘F_ig'ure 6.1 are the observed upward peak velocites of bulkheads on the sur-
face targets in response to the direct shock wave. At close ranges, the results agree
somewhat better with the velocities as calculated from the observed impulse. Tabie 6.5

gives some ratios between measured peak velocities and the calculated vertical velocitivs
for the surface target ships.
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A The pressure wave radiated into the water from the lagoon bottom was the first wave
.‘i that arrived at the target ships. Impulses shown in Table 6.2 were calculated for pres-
’:‘é sures measured relative to the hydrostatic pressure at the gage locations and for times
4 ’S beginning at the time of arrival of the direct shock wave. Peak velocities of the target

157

ships were read from refervence lines drawn through the velocity records just piior to the
time of arrival of the shock wave, aud thus represent velocity changes.

Shprad

Bz,
B0
'}’i 6.3 DECELERATION AND VERTICAL DISPLACEMENT O?‘ SURFACE SHIPS
\"\)ﬂ' Vertical velocities and displacements recorded at the bases of bulkheads on the EC2
f% and DD474 are shown in Figures 6.2 threugh 6.5. The measured motions are compared
\ with motions caiculated from the pressure field, as shown by the thin lines in the figures.
?‘. ;«.:“} Impulse calculations for a depth equal o0 the draft of the EC2, interpolated for the range
{1‘-?}& of the EC2 from data shown in Table 6.2, givo a peak velocity - - Jor the bodily
{ LA motion of the ship. The calculation wzs continued beyond the end of the positive pulse of
it pressure by assuming that cavitation occurred at the bottom of the ship, and
h that the EC2 therefore decelerated at an average of 2.5 g in accordance with its draft. The
"~ upward velocity of the ship caused by the bottom-transmitted wave was considered as an
A 1nitial condition, and the calculated velucity-curve was fitted 1o the velocity change 2t the
A arrival of the shock wave (Figure 6.2). The displacement obtained by integrating the fitted
\;”?'. calculation is compared with measured displacement in Figure 6.3.
! _‘ Similar calculations for bodily motion of DD474 are compared with recorded bulkhead
“ motior. 1n Figures 6.4 and 6.5. The average deceleration of DD474 during the cavitation
, phase was taken as 3.5 g because of the 13-foot draft.
4‘. The measured peak velocity, i.e., change 1n velocity (corrected for motion of the seis-
:?-}.j mic element of the meter) on the EC? was nearly 25 percent larger than the velocity change
‘;: calculated {rom the pressures, but the average velocity and displacement followed the cal-
’;-;4 culations fairly well for about 60 msec after the arrival of the shock wave. At this time
i the average deceleration of 2.5 g was no longer evident, and the measured velocity de-

creased with an average acceleration of slightly less than 1 g.

b

NN

‘-“‘l £

3 Peak velocity on DD474 was nearly equal to the calculated velocity change. The decel-
‘\f% eration approximated the calculated 3.5 g for ouly about 40 msec uiier the arvival of the
b3 shock wave before decreasing slowly to nearly zero deceleration near the end of the ana-

lyzed portion of the record.

C

N

fﬂx
B \';\-

';ctp 6.4 VARIATION OF BULKHEAD MOTION WITH HEIGHT IN SHIP

oLl ,
&{j The data for the response to the direct shock wave shown in Tables 4.3, 4.4, 4.7, and
: 4.8 indicates that the time of rise to peak velocity increased with distance above the keel
_;@;1 in the EC2 and in the three target destroyers. The average acceleration dec. eased as the
\.Nf rise time increased.

\5‘
3

@4 Figure 6.6 shows vertical velocities at two positions on Bulkhead 88-89 on the EC2.
’\": The increase in rise time and decrease of acceleration with height may be observed by
:;.:::; comparing the two records with each other and with the record of velocity at the base of
"f, » the bulkhead (Figure 6.2). Although the motions were comphicuted by the response to the
SAY .
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botiom-transmtied wave, the yeiocity at the upper~deck level (velocity change of 7.6 ft “sec
in 40 mse¢ after correction for motion of the seismic element of the meter) was consistent
with the response of a 12-c¢ps svstem to a triangular puise of velocity with magnitude of

5 ft ‘sec and duration of 63 msec {Figure 5.8).

6.5 VARIATION OF VERTICAL VELOCITY WITH STRUCTURE AND SHIP

Upward peak velocities considerably larger than the cempuszd bodily vertical vejocities
were observed ot several positions on the hulis or on the foundaticns of equipment on the
surface targets. Table 6.3 shows some of the measured peak velocities expressed as ra-
tios of the calculated velocity changes of Table 6.2,

At feast soniv of the 1ncrease in peak velocity may be attributed to dynamic response of
the structures to which the meters were attached. Although the observed peuk velocities
on the EC2, DD474, and YFNB12 varied from less than calculated velocity to more than
twice the calculated veiocity, the measured velocities und displacements oscillated about
the calculated curves for the initial portions of the motions on the EC2 and DD474 (Figures
6.2 through 6.5).

Peak velocities appeared to be influenced by th2 nature of the mass loading at the in-
strumented positions. The largest peak velocitie ; were observed at unloaded or lightly
loaded portions of the hull. Velocities on bulkheads and on foundations of very heavy equip-
ment were significantly lower than the velocities on lightly loaded structures.

If the bodily velocity calculated from observed impulse is used as a reference, some
variation in velocity ratio with range is indicated by the data from the three target destroy-
ers as¢ listed in Table 6.3. The average ratio of peah velocity to caleulated velocity chang:
was 1.0 on DD474 (range 1,920 feet), but increased to 1.4 on DD392 (range 2,980 feet) and
to 2 on DD593 (range 7,930 feet). An average ratic of 1.4 was observed on DD593 during
Shot Wahoo (Table 5.4).

If the observed bulkhead velocities are used as a reference base, there does not appear
to be a variation in ratio with range.

The peak velocities on DD$92 and DD593 during Umbrella are of low accuracy because
of their extremely small values and because of the disturbing effects of the bottom-trans-
mitted wave on the seismic elemeunts of the velocity meters. Velocities on DD593 during
Wahoo were also low, and the calculations for the effects of refraction were somewhat un-
certain for the larger ranges. The apparent variation of velocity ratio with range or angie
indicated by the data from DD592 and DD3593 thus may hot be significant,

6.6 INWARD MOTIONS OF HULL FRAMES OF SURFACE SHIPS

Positions 7 and 9 on the EC2 recoxded the motion of a frame below the waterline on
the side of the shin facing the burst,
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Kok The velocity-meter records were tabulated at increments of 0.2 msec for the analysis
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shown in Figures 6.7 anid €.8, and the high~frequency analysis was therefore adequate up
to the 1200~-cps limit set by the recording galvanometer.

Inward motions of the full of DI)592 ({ocated broadside at a range of 2,980 feet) were
measured on the starboard side, on the port side, and at the keel at four different locations.
The highest peak velovity recorded on DD592 was at Postion 41, near the center of the
after engine room, 16 feet starboard of the centerline, on the side of the ship facing the
burst. -

Position 15 was similar to Position 41 but located near the center of the forward engine
room. However, equipment in the forward engine rotm was reversed, left to right, com-
pared to eyuipment in the after engine room, and Position 15 was located 2 frames for-
ward of the foundation of the main reduction gear in the forward engine room.

Radially oriented meters in the forward and after fire rooms of DD592, Positions 9 and
38, were only 6 feet starbeard of the centerline, and measured velocities nearly in the
vertical direction. Peak velocities , at these positions
were only slightly larger than the vertical velucities measured at the keel nearby.

Peak velocity of the side of the huli facing away from the burst cn the EC2 was directed
outward, away {rom the burst, and averaged only one-fifth of the peak velocity on the side
of the hull facing the burst. Peak radial velocities of the hull to port of centerline on
DD592 were directed fnward. In the engine rooms. peak velocity on the side away from
the charge averaged one~f{ifth of the velocity on the side toward the charge, whereas in the
fire rooms (where the meters were only 6 feet from the keel) the velocity on the side away
from the charge averaged 39 percent of the velocity on the side toward the chaxge

6.7 HORIZONTAL MOTIQNS OF SURFACE SHIPS

As indicated in Tables 4.3 through 4.5, 4.7, and 4.8, athwvartship and longitudinal peak
velocities were smaller than peak vertical velocities measured nearby, except for posi-
tions below the waterline on the side of the hull of the EC2 facing the charge and except
for Position 2 on the keel and Position 25 on the foundation of the turbogenerator onDD592,

Table 6.4 summearizes data obtaine'! 11om athwartship velocity meters on the EC2. The
duration of the initial pulse of velocity increased regularly with height in the ship, so that
although the peak athwartship velocity was slightly smaller at the upper-deck leyels, the
initial athwartship peak displacement of the EC2 increased from

to - the upper deck. Figure 6.9 shows athwartship velocity at two dif-
ferent heighis on the EC2.

Athwartship displacements of DD474, which was alined stern toward the burst, were
small. Athwartship motions consisted of an initial pulse of velocity to port, with duration
of about 2 msec, iollowed by irregular oscillations that resulted in peak velocities to
starboard for some of the records. Peak velocities were less than half of the peak verti-
cal velocities measured near each athwartship meter. The initial motion to port was prob-
ably associated with a slight misalinement of DD474 that caused the shock wave to approach
the ship from a direction making an angle of abeut 8> with the longitudinal centerline (Table
5.2). Athwartship velocities of DD593, also with stern toward the burst, were less than
0.05 ft/sec and consisted entirely of oscillations, with no indication of a definite initial ex~
citation In either direction.
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DD3592 was oriented starboard side facing the burst. Athwartship velocities at the su-
perstructure deck (Position 7) and at the foundation of a §-inch gun (Position 47) were a
third as large as vertical velocities measured nearby. Along the keel and at the founda-
tions of equipment, athwartship velocities were more nearly equal to vertical velocities,
but the durations of the athwartship pulses of velocity were smaller than the durations of
the vertical pulses, and the athwartship displacements were smaller than the vertical dis-
placements. Peak athwartship velocity of the keel at Frame 22 of DD392 (Position 2) was

larger than any other recorded velocitv except for the radial velocity of the hull
“on the starboard side of the after engine room. .
The comparatively narrow section of the ship near the bow probabiy
contributed to the large value of the athwartship velocity at Frame 22.

Peak longitudinal velocities of the end-on destroyers DD474 and DD593 were less than
half of the vertical velocities measured nearby. No longitudinal velocities were measured
on the EC2, and the single longitudinal velocity measured on the broadside destroyerDD592
was only a third of the vertical velocity measured nearby on the keel.

6.8 BODILY MOTION OF SUBMARINES

Figure 6.10 shows longitudinal velocities measured near the stern, midships, and bow
of Squaw 29, which was submerged stern toward the burst. The figure also shows the
calculated rigid-body motion of a thin, neutrally buoyant cylinder having the same length
as the Squaw (121 feet) under the action of the free-field pressures at each end of the Squaw.
The method of calculation was the same as that used to calculate the bodily motion of Squaw
13 in Operation Wigwam (Reference 6) except that the pressure-time histories supplied by
Project 1.1 were used to determine the forces acting on each end of the cylinder.

As shown in Figure
6.11, the average displacement at the stern, midships, and bow agreed fairly well with
the calculated rigid-body displacement. The rigid-body motion thus comprised only a
minor part of the recorded velocity at each of the three longitudinal-meter positions, as
might be expected from the brief duration of the loading.

Out-of-phase oscillations with a period of about 19 msec appeared at the gages at the
bow and stern of the Squaw (Figure 6.10). The indicated frequency of 53 cps was higher
than the 37.5 cps reported in Reference 21 as the frequency of the accordion mode of
Squaw 29 when partly submerged. A pulse of velocity toward the burst measured at the
bow, amounting to 10 ft/sec, appeared to correspond to the arrival of the shock wave at
the bow of the Squaw. Transit time of the shock wave along the length of the Squaw

_was approximately equal to the period of the relative motion between the bow and
stern A frequency of about 110 cps appeared in the velocity record from the
midship bulkhead (Figure 6.10), corresponding to frequencies of 103 and 113 cps reported
in Reference 21 as frequencies of the bulkhead for longitudinal excitation.

Vertical velocities measured at the stern,. midships, and bow of Squaw 29 are shown in
Figure 6.12. An upward velocity : ias produced by the bottom-transmitted wave
which arrived prior to the direct shock wave. Although the initial pulse of velocity pro-
duced by the direct shock wave was in the upward direction at stern and midships, the
shock wave did not produce any significant change in the average upward velocity, in con-
formance with the end-on orientation of the target. Measurements of transit time of the
shock wave along the length of the Squaw indicated that the shock wave passed along the
Squaw within 4° of end-on incidence (Table 6.1). Data from pitch gages (Reference 20)
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showed that the Squaw was submerged for the test with a bow-down angle of 3°, so that the
shock wave probably struck the Squaw slightly from beneath.

As was the case on Squaw 29, the peak longitudinal velocity measured on SSK3 was much
larger than the calculated rigid-body velocity of the target. SSK3 was submerged bow
toward the burst, and longitudinal velocity was measured only near the center of the mid-
ship bulkhead. The recorded velocity showed vibrations at 110 eps, which probably re-
flected a shock-excited natural frequency of the midship bulkhead. .

Upward velocity of the SSK3 was recorded near the center of the midship bulkhead and
on the deck near the periscope well.
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Peak upward velocity of the deck was thi- 2
times as large as the peak velocity of the bulkhead, but the velocity of the deck was asso-
ciated with vibrations at several different {requencies, including a component at about 170
¢ps. An initial peak displacement to port was recorded by the athwartship
meter near the center of the midship bulkhead.

Measurements of transit time along the length of SSK3 indicated that the shock wave
passed along the target within 4° of end-on incidence (Table 6.1). Evidence from the ver-
trcal and athwartship meters suggests that the shock wave struck bShS slightly from below
and from the starboard side,

6.9 SHOCK MOTIONS OF THE HULL OF SUBMARINE TARGETS

The radial motion of Frame 33 of Squaw 29 was measured at approximately 45’ incre-
ments around the frame. At the arrival of the shock wave, the frame moved inward with
peak velocities that varied from . the bottom of the frame to

the top of the frame. )

Velocity of the water particles corresponding to a pressure at the
position of the Squaw . Inward peak velocities of the frames varied
from 23 to 58 percent of the particle velocity. The approximate theory of elastic re-
sponse of a ¢ylindrical shell to erd-on attack of Reference 31 gives a radiai velocity of
the shell of the order of the water particle velocity, for a sustained pressure.

The variation in shock velocity around the frames of Squaw 29 may be due in part to
the fact that the axis of the Squaw was not exactly alined with the direction of travel of the
shock wave. If the shock wave approached the Squaw slightly from below, the top of the
hull would tend to be shielded from the direct effect of the wave, and inward velocities and
displacements would tend to be smaller at the tops of the frames. Measurements of strains
at Frame 33 x/2 and of pressures in the ballast tanks (Reference 20) indicated that applied

T
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3

| '\3'.3 pressures as well as maximum strains were significantly lower at the top of the hull than
.}. { at the bottom.
}:,: Motions of frames of SSK3 were similar to motions measured on Squaw 29.
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6.10 MOTIONS OF HEAVY EQUIPMENT ON SUBMARINE TARGETS

Squew 29 contained five cast-steel blocks designed to simulate the engine-generators
and motors of an §8567-class submarine on 4.’5 scale. The port engine-generator was
mounted on six EES A6L resilient mounts, whereas the remaining items were bolted to
their foundations. SSK3 was equipped with three main engine-generators mounted on low-
frequency resilient mounts. Velocities and accelerations measured on the equipment and
on foundations are summarized in Table 6.5.

The resilient mounts afforded considerable shock protection to engine-generators on
Squaw 29 anc SSK3 during the initial pulse of shock motion. The mounts attenuated the
initial pulse ol velocity so that peak velocity on the mounted equipment was only about 15
percent of the peak velocity of the foundation, and attenuated the average acceleration on
the equipment to about 2 percent of the average acceleration of the foundation. Corre-
sponding ratios for the engine-generator bolted to its foundation on Squaw 29 were 73 per-
cent for péak velocity and 28 percent for average acceleration.

The action of the resilient mounts in the longitudinal direction may be seen in Figure
6.13, which shows longitudinal displacement of the foundation and longitudinal displacement
of the resiliently mounted engine on Squaw 29. The smoothing-cut of the rapid displace-
ments of the foundations, and the resultant relative displacement.between the equipment
and the foundation, may be seen in the figure. The bottom-transmitted pressure wave that
arrived first at the Squaw caused the engine to start moving forward so that the initial rela-
tive displacement, caused by the later rapid forward motion of the foundation at the arrival
of the direct shock wave, was significantly less.

Relative vertical displacement of the engine with respect to its foundation is plotted in
Figure 6.14. Shown is an average relative displacement determined from the difference in
displacements between velocity meters mounted on the engine foundation and near the cen-
ter of the engine, as well as the displacement across a single mount as read from the‘film
from a high-speed motion-picture camera. The record on the {ilm showed that the engine
was subjected to rocking motions of considerable amplitude, and that the vertical, longi~
tudinal, and rocking motions interacted in such a way that the most severe loads on the
photographed mount occurred a considerable time after the arrival of the shock motions of
the foundation. Compression of the mount during the initial shock motion amounted to less
than 0.4 inch. However, the mount bottomed violently in tension at an extension of 1.1
inches from equilibrium about 100 msec after the arrival of the shock wa.e, and bottomed
again in compression about 240 msec after the arrival of the shock wave. These extreme
motions were associated mainly with rocking of the engine in the fore-and-aft direction.

The occurrence of a second shock of the foundation of the engine, indicated in Figure
6.14, appeared to cause a decrease rather than an increase in the subsequent amplitudes
of displacement across the photograpred mount.

6.11 SHOCK MOTIONS FROM CLOSURE OF CAVITATION

A second shock excitation, which occurred after detonation on most
targets, was apparently produced by the closure of the cavitation layer resulting from the
passage of the direct shock wave. The phenomenon could be observed in aerial motion
pictures of Shot Umbrella as a change in color of the water surface, which swept back
toward the point of explosion shortly after detonation.

In Figure 6.15 the time of arrival of the second shock wave is plotted from data in Ta-
ble +.1. The second shock motion appeared first at about the range of the forward engine

room on DD474, 1,920 feet from surface zero, and ektended rapidly both toward and anvay
from the burst.

138




The shock motions caused by closure of cavitation were generally less abrupt than those ‘
due to the direct wave., At some locations the pulse producing the second shock motion ap- |
peared to have several components

The average accelerations produced by the second shock motion were

much smaller than those produced by the direct shock wave on the EC2, DD474, and DD592.

On Squaw 29, peak radial velocities produced during the second shock motion averaged
®7T percent of the peak radial velocities from the direct shock wave. The second shock
motion tended to produce high-frequency oscillations of the Squaw hull, and the highest
radial accelevation of a hull frame was produced during the second shock. Longi-
tudinal motions of the Squaw during the second shock were directed mainly toward the
burst, and peak velocities were only a third as large as peak longitudinal velocities from
the direct shock wave.

On surface ships, the second shock motion was most severe on DD474, where upward

bulkhead velocities were cbserved. A peak velocity was pro-
duced at the bottom ot Bulkhead 88 on the EC2 by the second shock motion, and peak ve-
locities were observed on bulkheads of DD592. The peak velocities (velocity

changes) from the cavitation closure were larger than peak velocities from the direct
shock wave on DD474 and DD592, although the average accelerations were much lower than
those from the direct shock wave. Shock spectra obtained from motorized shock-spectrum
recorders suggest that, in general, the second shock motion would have less damaging ef-
fect on equipment in the freyuency range 20 to 450 c¢ps than would the direct shock wave,
although the second shock produced increases in response for a few {requencies at some
locations on DD392. The arrival of the second shock produced no noticeable change in
response for most of the reeds on DD474 (Table 4.11), because ol the long rise time and
iow average acceleration for the shock motion.
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Chapter 7

DISCUSSION OF DAMAGE TO SHIPBOARD EQUIPMENT

Damage to shipboard equipment is described in Reference 24. As expected, the most se- 5‘:
vere damage during each shot occurved on the EC2, which was not only closest to the bomb U
but in addition had machinery and equipment which were not designed to resist shock load- ‘f;
ing. Brittle materials, particularly cast iron, were extensively used in the propulsion sys- ;3
tem. b

b

In this chapter, damage to the gvrocompasses and to the propulsion plant on the destroy-

er are correlated with the measured shock motions. &

3

7.1 DAMAGE TO TURBINES ON DESTROYERS,

Misalinement between the propulsicn turbines and reduction gears on DD474 was caused
by buckling of the flexure plates supporting the turbines, by deformation of holddown bolts,
and by damage of the brackets that supported the flexure plate at the bulkhead. The tur-
bines were operated after Shot Wahoo, and continuously through Shot Umbrella until auto-
matically shut down 15 minutes after detonation.
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Similar damage occurred in both engine rooms of DD474. Because
no velocity-time data was obtained in Wahoo, an analysis <f the response was made only for ;
Umbrella. The loading in Wahoo may have exceeded that in Umbrella and initiated damage. A

7.2 PROPULSION TURBINE ARRANGEMENT %‘;:_

Figures 7.1 and 7.2 are profile and plan views of the propulsion-turbine arrangement g;
in the forward engine room of the destroyers. In each engine room the turbines were b_{A
mounted on two girders. An outboard girder supported the cruising and high-pressure tur- L
bines, and an inboard girder supported the low-pressure turbine and the main condenser. {':
The after end of each girder was fastened to a foundation that also supported the main re- ;:

g

duction gear. The forward end of each girder was suspended from a flat steel {lexure
plate, which was in turn supported by a bracket attached to the bulkhead at the forward end
of the engine room.

The inboard girder, low-pressure turbine, and main condenser weighed a total of
114,000 pounds. It was assumed that half the total load, 57,000 pounds, was carried by the
flexure plate between the girder and the bulkhead.

The outboard girder and the cruising and high-pressure turbines weighed a total of
".3,000 pounds. It was assumed that half the total load was carrjed by the flexure plate
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The forward end of the vruising turbine and the after end of the high-pressure turhine =
(both of which were located on the outboard girder) were also supported by separate ;:t
b
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flexure plates to the girder (Figure 7.1). The high-pressure turbine weighed 24,000 pounds.
It was assumed that its flexure plate supported hall the total or 12,000 pounds. The cruis-
ing turbine weighed 6,000 pounds.

Velocity meters measured the vertical shock motions at the forward and aft supports for
the girders and on each girder (Figure 7.2).

7.3 ANALYSIS OF RESPONSE OF GIRDER STRUCTURES

Figure 7.3 shows velocities of the two support points for the girders in the forward en-
gine, room on DD474 'during Umbrella. Figure 7.4 shows the corresponding shock spectra
at the support points. [t {s seen that the initial motions at both support point” were quite
similar. The shock specira were also quite similar at these positions.

In Figures 7.5 and 7.6 the measured motions of the outboard girder during Umbrella
are compared with the calculated response of a 20-cps simple elastic system to the meas-
ured input velocity of the forward support point, Position 19, and also with the measured
response of the 20-cps reed in the motorized reed gage at Position 19. The differences
between the measured motions and the computed motion may be due to the structure damage
that occurred between the velouity meter and the shock-spectrum recorder (SSR) at Posi-
tion 19. The velocity mete: was on the bulkhead; the SSR was on the box girder, welded to
the bulkhead, which formed the foundation for the girder fiexure plates.

In Figure 7.7, the measured velocity of the inboard girder during Umbrella is compared
with the ralculated response of a 12-cps simple elastic system to the measured input ve-
locity of Position 19, As indicated by the initial similarity of the calculated and measured
response motions, the girders on their supporting flexure plates can be represented, fair-
ly well, as simple undamnped systems with frequencies of 20-cps (outboard girder) and
12-cps (inboard girder). The peak accelerati.ns of each girder were obtained both {rom*
the shock spectrum results, and by measuring the slopes on the velocity-time records.
Peak accelerations upward and downward are indicated for the
outboard girder (Position 27) and accelerations upward and downward
for the inboard girder (Position 28). The higher acceleration of the outboard girder follows
from its higher mounting frequency as can be seen {rom the shock spectra of Figure 7.4.

7.3.1 Bolt Loading. From the peak accelerati- s and from the weight discrioutions. the
dynamic loads on the support points of the girders were estimated.

The upward acceleration does not stress these bottom bolts, be-
cause a shoulder on the flexure plate takes the load.
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Some of these
bolts were deformed during Wahoo and further deformed in Umbrella. Specimen bolts are
shown in Figure 7.8,

The bolts attaching the lower end of both fleaure plates to the turbine girders in boththe
forward and after engine rooms were of Class B steel.

None of these bolts deformed. Why only upper bolts deformed has not
been determined. Some possible reasons may be conjectured. The total load may have
been less than estimated. The actual weight distribution may have been quite different
from that assumed. Sag in the bulkhead support for the {lexure plate would allow the tur-
bine girder to sag and cause the aft support point to take a larger portion of the load. The
initial torque in the bolts would cause friction between the flexure plate and turbine girder
surfaces; tne magnitude would depend on the roughness and corrosion of the surfaces,
These factors and perhaps others, would reduce the shear load on the bolts.

It is noteworthy that not all the upper bolts were deformed and that the bolts near the
edges of the flexure plates were deformed most; this is in line with the fact that the bulk-
head support for the flexure plate also deformed most near the edges of the flexure plates,
at points of attachment to stanchions. It is apparent that the bolt loading was not uniform
and that the edge bolts took mare than the average load.

7.3.2 Flexure Plate Loading. Deceleration of the girders placed the flexure plates sup-
porting them in compression. The peak dyvnamic compression loads measured during Um-
brella can be compared with calculated Euler buckling loads to determine if permanent de-
formations of the flexure plates should have resulted. The Euler buckling loads can be
calculated from the dimensions of the flexure plates.

The flexure plate supporting the inboard girder is shown in Figures 7.9 and 7.10. As-
suming that the plate was equivalent to a rectangular plate 19 by 76 by 5/16 inches, with
fixed ends, the Euler buckling load was calculated to be 630,000 pounds. This is an upper
limit, it ignores initial eccentricity, the holes in the plate, and the lack of complete fixity
at the ends. (If hinged ends were assumed, for example, the Euler load would be a fourth
as much).

Similar calculations were made for the flexure plate supporting the outboard girder from
the buikhead. It was assumed that the plate was equivalent to a rectangular plate 19 by 39
by % inches, with fixed ends. The Euler buckling load was then 330,000 pounds.

This is well below the Euler
load and no noticeable deformation was measured aiter the tost,

The Euler buckling load for this flexure plate, assuming that it was
equivalent to a rectangular plate 12 by 14 by 3,’3 inches, fixed at both ends, was 320,000
pounds. The compressive lcad that would produce failure was 160,000 pounds, assuming
Class B steel. Inasmuch as the weight supported was 12,000 pounds (half the weight of the
turbine;. avcelerations in excess of 13 g would cause yielding and initiate failures. Be-
cause no velocity measurement was made on the high-pressure turbine itself, no direct
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measurement of the acceleration was available. However, an estimate may be made inthe
following manner. If the initial eccentricity of the fiexure piate, due to thermal expansion,
is assumed to be Y} inch (as specified in the design), the load-deflection curve (which is
nonlinear) may be calculated (Reference 32). Using the stiffness at 0.1 of the Euler load
(1.9 ~ 10% pounds/inch), a frequency of 38 cps was calculated. For 0.4 of the Euler lozd,
the frequency was 31 cps. For larger loads (and deflections), the frequency decreases. As
suggested by Figure 7.12, the response acceleration for frequencies between 25 and 80
cps was about 50 g. This would produce a compressive stress four times as great as the
yield stress and a load twice as large as the Euler load.

No damage was observed to the flexure plate supporting the cruising turbine (Figure
7.13). This plate, unlike the others, was braced with stiffeners to increase its buckling

strength.

7.4 DAMAGE TO GYROCOMPASSES

The master gyrocompasses installed on the principal target ships were examined for
gross mechanical damage after each of the two tests. The gyrocompass on the EC2 was
not energized for either test. Those on the three unmanned destroyers were energized and
running, but not alined, during both tests.

Figures 7.17 and 7.18 show the relative displacement of the gvros in their cases on
DD593 during Wahoo and on DD474 during Umbrella, as determined from readings made
from high-speed-camera films. Motion pictures were not obtained on DD474 or DD592
during Wahoo. The motions of the gyros on DD592 and DD593 during Umbrella were con-
siderably smaller than the motions of the gvro on DD3593 during Wahoo. In the latter case
the excitation was provided by the reflection of the shock wave from the ocean bottom,

Also plotted .n Figure 7.17 is the calculated response of a 4-cps undamped system to
the measured vertical motion of the deck in the IC and Plotting Room on DD3593 during
Shot Wahoo. From the similarity of the curves it appears that the gy ro responded approxi-
mately as a {-cps system, and oscillated relative to its case in both up-
ward and downward directions.

The motion of thegyro on DD474 during Umbrella was quite different, however, as
shown in Figure 7.18. The gyro appeared to be restrained during the initial shock motion,
and its downward relative displacement in response to the initial upward motion of the
ship was less than '/4 inch, despite considerably more severe shock motions of the deck
than observed on DD593 during Shot Wahoo. After the initial downward motion, the giro
moved upward,
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160




UONEPUNOJ PIBLL ¢ 0 PO ST U U0 SISdL dop.aid aqy pud ap oyl Iy “proyRINg
oyl 0 paudMsey ST yaiym ‘oamxyy e 03 pajpoq st aqueid ayl, -oepd canxspy v jo suraw £q WS oy
18 prayying oy wo.y papuadsns st sourqany Juismad pue saussoad-ydng oy sitoddns ey Jopaid

PITOGING ayJ, “pLEAC JO w00 3uldud paem.aoj ut jueid uoisindoad Jo MOIA OjjoLJ 1°L oandig

aao WOOY 3NION3

|M
IATIA L1D3rNE FONG —
dand Du1
/)\lu ONOD XNV
R y - \
. f
t YISNIANOD
ANVINXNY
« - % .\
HISNIANOI Nivw
£2¢
QUIHNIME
3unx314 ~
~ ¥I0M19 QuYO8LNO .‘w
34v1d JUNX3TS HIUHD
Iniduns
\ ONISINYD
T
et
.- o v
Jvgen1 41 s,
s
1
[ D349 NIV
) \\)\«\u\! - R e WWE - P Ty gy S RTINS SR P g, -, - -
i s % n R s DRy AP IS g A A X X o NI TOITIR TN RN R \!\..\\!-.e\..xu.ﬂ y,
5 r lv Mgy - & Py O %N <’ by unﬁ..\\f\.-f\'h . 2. A,n\uxe of W
e c.n\.%hu.?t St — AR A | L \rwr, Sl RS . O s n..ww ﬁfxa\ﬁ,«.\\.s.ﬂh ...»}L...\n.m...mr..\. " Ao ..NHM )
o e Rt DO 2 ol e X




q

ay¥vo8.Lno

(GV3HXTINEG
NO)
61 NOILIS QQL

£26—
av3IH3INg

ayvoanI

|

N,

TIOPAIE YT JO SUOLIOW Poansud g pun Lz suor)
SISO I sodun  CSUOLIOW UOHEPUNOS PAINSEDW )7 pUR G] SUONISOG i sdfie
LA Jo wood durdud paesmaog up juepd vorsindoad Jo mota uejg gL oansdiyg

87 005
4V39 NOILONA3Y
INISINYD v

n

m g7 0009

& INIgYNL

= INISINYD

e

r-

D>

,.

m

JJ

—

m

&

M

h)

)Y X}
~ . J

g7 0002t
- aNgynt d1 N
X 02 NO!LSOd
/QN NOILISOd SY30YI9 INIGYNL Y04 INIOd 180ddNS 14v

|T’ L4v
140d

163

Pages 164 through 168
deleted,




)

>
P
X

3
E‘.

it}
»;

s 7
e “,(:“:l o
e
=¥ o

g Sy
g
L1 e

J:‘

»
T

Ty Tee
X

¥

P 2 B4

Kt
PP

A
1~
¥ ot §

<
g /:‘.,
s ndn

e
se
- o

Q. b Vs

W,
7,
o

L Ps

C

™

=l

.
)
x

-ﬂ“ 4'»‘
2

i
B
";f z,x Ve

1)

Figure 7.8 Bolts supporting flexure plate for inboard girder after Shot Wahoo.
The deformed holt is of Class B steel, and the undamaged bolt is of Alloy 2 steel.
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Figure 7.9 Front view of flexure plate supporting inboard girder. Maximum deformation
occurred at the section through the holes; see Figure 7.10.
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Figure 7.13 Flexure plate supporting forward end of cruising
turbine. Note the stiffeners, which increased the buckling
strength.
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Chapter 8

DAMAGING RANGES FOR DESTROYERS AND SUBMARINES
FOR. UNDERWATER NUCLEAR ATTACK

The results of Operation Hardtack have potential for extrapolation to other situations. Be-
fore attempting such extrapolations, it is desirable to consider what motion parameters
may be used as an index of damage potential. It is also worthwhile to tabulate and consider
the results of all U.S. underwater nuclear tests.

8.1 MOTION FARAMETERS

Various motion parameters have been used as indices of damage potential. These in-
clude acceleration, velocity, relative displacement, and shock spectra. All of them have
value, depending on particular circumstances.

In design problems much use is made of equivalent accelerations in order to estimate
the strengtk required of equipment and foundations or other members by which shock forces
are applied to equipment. The product of the mass of the equipment by its acceleration
gives the force applied. Because tha support has compliance, the acceleration above the
support differs from that at the base This observation iilustrates the interactions between
structural members and equipment on ships, which must be considered in interpreting data
and designing against shock. .

The shock motion parameter usually measured on ships is velocity. A very practical
reason for this is that velocity dces not vary greatly throughout the ship. Accelerations
on the other hand are found to vary considerably because of the mass of equipment and
mass and compliance of intervening structure. Accelerations actually vary so widely that
direct measurement is a formidable problem for underwater explosion attack. If velocity-
time measurements are made, average accelerations can be determined by measurement
of the slopes of oscillographic records. The accelerations reported in Chapters 3 and 4
were so determined.

The convenience of measurement of velocity obviously does not justify use of velocity
as an index of damage potential. Furthermore, velocity does depend on location so that
there is a questicn of which velocity to select. It is believed that a good case can be made
for using the cverall or bodily velocity of surface ships as a general criterion of damage
potential for attack by nuclear weapons of moderate or large size.

In nuclear attack, there is imparted in a very few milliseconds a local upward velocity
approximately equal to the vertical particle velocity of the surface water. The ship then
gradually decelerates over a much longer period of time. To be sure, this view ignores
the fact that the shock wave does not strike a ship simultaneously at all points, especially
with end-on incidence. The response similarly must differ in time of occurrence. To
avoid the suggestion of simultaneity, it may be better to employ not the term “bodily ve-
locity” but terms such as “bulkhead velocity” or “section velocity.” What is meant is
the average vertical velocity cf . section of the ship. This is regarded as tyvpical of the
whole ship.
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The rapid acceleration of a section gives rise to internal forces similar to those occur-
ring when a moving automobile strikes a comparatively rigid wall. The magnitudes of the
internal forces would depend on the mechanism and time through which acceleration or de-
celeration is effected. Because the energy available for damage increases as the velocity
squared, it appears that the damage potential should increase rapidly with velocity.

Note that it is not velocity that causes damage but the forces associated with changes of
velocity. For a fixed time of action, the magnitude of the force depends on the velocity
change. More generally, momentum change is equal to impulse imparted. Depending on
system resonant frequency, impulse may be a better index of damage capability than force
alone.

All regions, even in a single section of a ship, do not necessarily have the same velocity
at the same time, in contrast with the initial conditions in a decelerating automobile. There
will be local variations, with local velocities exceeding the average by perhaps 50 or 100
percent. The reasons for this are not precisely known. It is believed that at least in part
the increase results from mass distribution and resonance effects inside the ship and pos-
sibly diffraction outside the ship.

The use of overall velocity has the advantage that its value can be simply calculated for
nuclear attack. However, in shock studies with chemical charges, velocity varies greatly
with position and it has been customary to report observed values of local peak velocity. A
reasonable correlation can be established between values of local peak velocity and extent
of damage to equipment from a chemical-weapon attack. A similar correlation would be
expected for nuclear attack. However, because of the differences in velocity signature be-
tween the two types of attack, the magnitude of local peak velocity associated with a given
damage level might be different for nuclear attack and chemical attack for some classes
of equipment,

If consideration is limited to nuclear attacks, there should be no difference in estimates
of lethal radii if there are fixed ratios between local and overall velocities regardless of
angle of attack. The available full-scale data does not appear adequate to resolve this
question. In this report, overall section velocity (or particle velocity) will be used for es-
timating damaging ranges for surface ships under nuclear attack.

In the above discussion, horizontal motion has been ignored. For destrovers under at-
tack, horizontal motions do not cause much shock damage except to equipment mounted on
the hull. Surface cutoff acts to reduce horizontal inotions, whereas it serves to increase
vertical motions that are the principal agent of shock damage for nuclear attack on surface
ships.

Damage to equipment involves stresses and strains, that is, relative displacement of
parts, with deformation of connecting members. Accordingly, relative displacement is
used as an indicator of damage, also. In many shock tests, lead displacement gages have
been used to measure relative displacement. However, such information is usuvally more
valuable for establishing clearances than for determining strength requirements.

Shock spectra are also used for design purpeses. Spectra consist of peak accelerations
or relative displacements at selected frequencies. There is a simple relationship between
relative displacement and peak acceleration for elastic systems with one degree of freedom.

It should be observed that the ordinary shock spectrum recorder gives the peak effect on
lightly damped simple resonant systems of the motion applied to the base. The gage read-
ing does not necessarily correspond to the initial velocity but to the whole seqvence of mo-
tion. The response of a component reed is not necessarily identical with the response of a
larger system that interacts strongly with the base to alter the input motion.
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8.2 LOADS, MOTIONS, AND DAMAGE

Results of Operation Wigwam and of Shot Wahoo indicate that, for deep bursts in deep
water, at least three disturbances may be expected at relatively close range: (1) the shock
wave, (21 the pressure associated with the closure of cavitation, and (3) the reflection of
the shock wave from the bottom. In all the tests to date, the bubble pulses have not ap-
peared to contribute to shock damage. .

Close up, the highest velocity will be produced by the direct shock wave. At more dis-
tant ranges, only the reflected wave will have an appreciable effect. At some ranges, the
direct and reflected waves and the pressure resulting from the closure of cavitation witl
all have an effcct.  An example of this case is the EC2 in Wahoo.

In general, in order to determine safe and lethai radii it is necessary to know the mo-
tions that would be produced in a ship by all three components.

In shallow water the wave transmitted through the bottom will also give rise to motions.
However, such motions will generally involve low frequencies and only small accdlerations.
When they occur, the effects may be ignored provided resonance does not occur.

The possibility of hull damage due to surface waves must be readily granted. Surface
waves may excite intense whipping motions in ships oriented in the direction of propagation
of the waves. It is also known that breaking waves may damage superstructure. The pos-
sibility that waves can produce shock damage seems more remote. However, ships tossed
about by waves in a storm may sustain equipment damage that is not normally considered
to be shock damage.

High~speed motion pictures taken during Hardtack seem to indicate that the direct wave
produced the principal damage. Accordingly, herein the initial peak bodily velocity pro-
duced by the direct wave will be taken as the principal index of damage. However, the mo-
tion pictures also show that various components responded also to closure of cavitation
and, in Wahoo, to the pulse reflected from the bottom. The records from motorized reed
gages suggest that some equipment could faii as a result of the overall response and res-
onance buildup, rather than as a result of the injtial shock response.

In more distant targets, the pulse reflected from the bottom was the chief agent in pro-
ducing damage. In these cases, the initial accelerations were small compared with those
for equal velocities produced by the direct wave. Presumably, for low-frequency systems,
the peak values of velocities here would lead to damage equal in magnitude to that for equal
velocities produced by the shock wave. For high-fraquency systems, less damage might be
expected. For estimating safe ranges conservatively, equality of damage may be assumed.

8.3 SUMMARY OF DAMAGE TO SURFACE SHIPS IN
UNDERWATER NUCLEAR TESTS

U.S. underwater nuclear tests do not provide thorough exploration of the many variables
involved in correlating weapon size, attack geometry, and target response and damage.
Thus, Operation Wigwam had the specific objective of determining the lethal radius of a
given device attacking a selected tyvpe of submarine target in deep water. Because there
was no operating equipment on the targets, little information o shock damage was ob-
tained. however, motion measurements were made. Motion measurements were also ob-
tained on three YFNB’s, which served as instrument barges for the measurements on the
submarine targets.

Available results from U.S. nuclear tests are briefly summarized in Table 8.1, The
target ships are listed in order of estimated peak particle velocity of the surface water
near the ships. Because it is possible that surface waves contributed to both hull and
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shock damage in some cases, surface wave heights «nd lengths arce aiso tabulated. Infor-
mation in the table was selected irom References 3, 5, and 33 through 40.

8.4 CRITICAL LEVELS OF MOTION

In this section the damage data and estimated peak vertical particle velocities listed in
Table §.1 are correlated.

It 1s somewhat unfortunate that the majority of the listed ships were targets during ' »t
Baker of Operation Crossroads. This test had the many complications characteristic ¢.”
tests in shullow water. In addition, pressure-time and motion-time records were scant.

First, comparison of estimated particle velocity and observed peak velocities is neces-
sary. The results are given in the first column of Table 8.1. For deep water, the particle
velocities were calculated by using Equation 1.1 with a correction for refraction where
velocity-of-sound data was available. For Shot Umbrella, the particle velocities were cal-
culated from impuises determined from pressure-time histories measured near the sur-
face. Some of the velocities measured on the APA targets during Shot Baker were found to
correlate well with velocities determined from Equation 1.2 for a charge of 23.5 kt, and
the velocities from Eyuation 1.2 were used in lieu of more direct experimental data for
Shot Baker.

There is fair correlation between measured velocities and particle velocities. Peak
velocities observed on the keels or inner bottoms average higher than the estimated parti-
cle velocities.

Correlation of shock damage with particle velocity is good in some cases but less satis-
factory in others.

For the EC2 in Wahoo and Umbrella, correlation seems good.

In Wigwam, the YFNBI13, at a particle velocity of 3.3 ft/sec, sustained no observed
damage. ’

The indications are that, in Shot Baker, for a given particle velocity, the damage was
high in comparison with that in other tests. The reasons for this are not known. It may
be that the material condition of the ships in Baker was not up to that of the other targets.
Velocity-time records on APA's (Reference 3! show late oscillatory motions of high ampli-
tudes, which may have provided large stresses and failures in systems having natural fre-
quencies nearly equal to that of the disturbance. It may also be that the very high surface
wave in Baker, coupled with the relatively shot wave length, influenced damage. Note the
very large difference 1n the surface wave data for DD474 in Umbrella and DD410 in Baker.
Similarly a large difference existed between EC2 in Umbrella and APA81 in Baker.

The lack of satisfactory correlation between Baker and other shots makes caution nec-
essary in predicting other situations. The data for deep water, however, is relatively
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consistent. It is true that YFNB12 in Wigwam exposed to a particle velocity of § ft 'sec
sustained less serious damage than did EC2 in Wahoo_
or DD474 in Wahoo However, YFNBI12 had only a
small amount of equipment aboard so that it cannot be considered typical of ships. It
seems logical that more reliance should be placed on DD474 and EC2.

Damage on EC2 was largely to cast-iron equipment.

The records in Table 8.1 indicate that the hull velocities associated with damage under
nuclear attack are lower than the velocities for corresponding damage under chemical-
weapon attack.

_Correlations between velocity and damage observed from chemical-weapon tests
thus cannot be directly applied to the nuclear-~attack situation. The differences in damag-
ing effects between chemical and nuclear attack can in many cases be attributed to the dif-
ferences in the shock signatures for the two cases, which cause equipment to respond dif-
ferently to nuclear attack than to chemical attack.

In order to make predictions of material damage to surface ships under nuclear attack,
it is necessary to select a suitable set of load and damage correiations from the data
available, even if the data is not complete and consistent. On the basis of the information
presented 1n this section and on the definitions of material damage given in Reference 41,
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'}* 9 the foilowing values of the peak vertical particle velocity of the surface water {from either
Re \: a direct or reflected wavs have been taken to characterize various levels of material dam-
LR age:

:y'! Operational damage is defined in

-

Reference 41 as, “That dey ~ee of damage to some vital ship control equipment or offen-
sive armament which prevents “he ship from effectively carrying out her assigned mission.
Quiside assistance is reqguired to restore casualty. Ship is capable of retirement and has
reasonable capability for self defense.” Light damage is defined in Reference 41 as,
“That degree of damage that is within the immediate capability of the ship’s force to re-
store at sea and which will restore full military capability. ”

The selections show the most probable levels of damage corresponding to the velocities

St

W}

rod ks

p2 7 indicated. The velocity for a particular level of damage depends on the design and condi-
.fﬂ tion of ship equipment. Those shown are rather arbitrary and are drawn primarily from
$J}‘.u results of tests on World War II DD’s with or without old electronic equipment on boz d.
"’"3’ Additional tests with operational ships are needed to improve these correlations and to re-
et late degree of damage to the fighting capability of ships with modern equipment as reguired
R for estahlishment of safe delivery ranges.

D _»\.

8.5 POSSIBLE EXTRAPOLATIONS TO DAMAGING
RANGES FOR SURFACE SHIPS

g -~
Ré?
XX,

44 Tables 8.2 through 8.4 give computed distances corresponding to peak particle veloci-
@ ties as a function of selected weapons, yields, and deptis of bursts. Table 8.2 is for the

\ A direct wave, and Tables 8.3 and 8.4 give data for reflection from a flat bottum. The nec-
'\3;" essary calculations were made from Equation 1.2. The bottom-reflection coefficient was
) }'\' taken to be 0.97 - 0.71 cos A, where A is angle of incidence at the ocean bottom. This |,
AN :,} coefficient agrees approximately with the effective coefficient observed in both Wahoo and

Wigwam.
From these tables may be prepared charts of ranges for various categories of material
damage based on veiocity criteria other than those used in this report,

g’;v . ;‘.

, 3 In Figures 8.1 through 8.4 are plotted three levels of material damage previcusly de-
'\\‘, scribed, with ranges _taken from Tables 8.2 and 8.3.
:' 3 The ranges are horizontal ranges from surface zero to the center of the ship. So far as
ik is known the ranges apply to all surface ships with considerable equipment on board but,
v except for Baker, records exist only for EC2's, destroyers, and YFNB's.
‘j: 5 The ranges and particle velocities of Tables 8.2 through 8.4 apply only for depths of
:\j,g:.” burst 500 feet or greater. It also seems necessary tc restrict the estimates to conditions
N ,{.;!,;} where large surface waver or other phenomena peculiar to the Shot Baker geometry are
'p;'i} not expected. Estimates for shallow water may be made after information on pressures
” and surface-wave generation become available. Figure 8.5 gives particle velocity versus
s range for Umbrella.
:,}:*_‘ The ranges are subject to uncertainties due to refraction effects (Table 8.5). For
a}_; greater assurance of safety for local water conditions in .'eliver. of nuclear devices, al-
:@"“:‘: lowance must be made in the ranges of Figures 8.1 through 3.4. Figure 8.6 shows graph-
E'L;ﬁ:ﬁ ically the variations
@€
A 8.6 SUMMARY OF DAMAGE TO SUBMARINES IN

‘\:)'Q UNDERWATER NUCLEAR TESTS

RS
%’7 In order to generalize the Hardtack results, it is desirable to compare the data with
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pertinent data {rom other underwater nuclear tests. By so doing, the parameters that ap-
pear to be important in producing shock damage may be determined. The data from two
shock tests with chemical charges will also be examined for possible clues.

The reccrds of interest are summarized in Table 8.6. With two exceptions, the tests
were either with uninstrumented submarines that were completely equipped or with inctru-
mented targets that were unequipped, e.g., Squaws. The only instrumented tests with fully
equipped submarines were on SSK3 with nuclear charges and §S293 with chemical charges
(Table 8.7,

The data is far from complete and definitive.- In general, it appears that for deep bursts
and deeply submerged submarines, shock damage occurs when hull damage also occurs.
For shallow submergence, shock damage seems more important and may occur without
excessive hull damage.

8.7 CRITERIA AND RANGES FOR SURFACING SHOCK
DAMAGE TO SUBMARINES

The available 1niormation is not enough to make possible firm conclusions as to the re~
lations among loads, respcnse motions, and equipment damage for the wice variety of ge-
ometries possible in practice. As a result, predictions are necessarily somewhat nominal
and subject to uiacertainty,

Table 8.7 contains motion-load data for selected targets in underwater explosion tests
against submarines involving both chemical and nuclear charges.

Although nuclear charges emit pressure waves of long duration as compared to chemical
charges, their use in shallow water or against shallow-submerged targets is relatively
less efficient than at large depths against deeply submerged targets (thev are, of course,
still much more effective than chemical charges). This follows because of the imteraction
of the shock wave with the water surface and the ocean bottom.

For shallow targets attacked by a deep burst, cutoff occurs. This phenomenon involves
the reflection of the compressional pressure wave {rom the water surface as a negative or
tension wave reducing, or cutting off, the pressure wave. The peak pressure is not re-
duced, compared 1o the free-field case, but the duration is. The incident impulse, i.e.,
the time integral of the pressure, is also reduced. Incident energy, proportional to the
time integral of the square of the pressure, is likewise reduced.

In shallow water, the interactions are much more complex. In this case, both the peak
pressure and the duration are reduced, resulting in even greater attenuation of the impulse
and energy. For shallow target submergence, impulse and energy to produce given damage
may approximate that for a chemical charge. Either impulse or energy (shock factor! may
be taken as an index of damage potential.

For deeply submerged targets and deep bursts, where the pressure 1s sustiined for a
relatively long time, a modified impulse criterion may be used as discussed in Section
8.7.3.

It is possible that the same nominal impulse would be more damaging in the case of
nuclear attack, because the whole length of the submarine is attacked with equal severity.
More widespread damage would occur. Although the local level of damage might be no
greater, the combined effects might require surfacing in the nuclear case and not for at-
tack with ordinary depth charges.

8.7.1 Nuclear Bursts in Shallow Water and Chemical Explosive Attacks.

{Damage to a suumarine
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f-‘".h‘ 1s defined in Reference 41 as, “Immobilized - That degree of damage which demands sur-
S facing as the only possibility of survival.”)

\L; During Shot Baker, the S5184 had a relative bearing of 226°, i.e., intermediate between
9:..\3 end-on and broadside.

P,

‘.'{J"‘i (Moderate damage to a submarine is defined in Reference 41 as, “That

A 1‘ degree of damage thal is within the capability of the ship's force to restore to an extent
kX 3 which will permit limited offensive employment of the submarine. Repair {acilities are

‘\.\‘:\z . s 1ie, M

A AT required to restore full military capability.”)

“’f'} End-on and side-on attack might be expected to produce different amounts of shock

damage. One reason for this is that, for broadside incidence, the bodily velocity would
rise approximately to particle velocity in the time required for transit of the shock wave
across the hull; for broadside incidence, transverse bodily velocity is probably the most
important motion. For end-on incidence, the longitudinal transit time is so great that
decay of the shock wave and cutoff result in small bodily velocity. For purely end-on at-
tack, the radial niotion is the most significant motion; for oblique incidence, the trans-
verse motion may also be important.

-

od

NB2Es

)
1o s
| i g 4
i

,‘_.;:;'% Another factor to consider is that the shock wave has a component of impuise that mani-
RS X fesis itself by causing either doubling of the pressure upon incidence on a rigid surface or
& “‘ doubiing of the velocity of an air-backed plate. Superficially, at least, doubling of the ve-
s locity or the pressure would indicate that additional 1mpulse in the end-on case would be
._1\.; required to produce the same damage as in broadside attack.

Expectations seem to be verified by the results on Squaw 29, SS184, and §S428.

. The results are of course not conclusive, and the
numbers are only rough estimates.

The data indicate that for tests with nuclear charges in shallow water or with chemical
charges, the extent of shock damage to equipment can be related approximately to the
value of impulse in the free-water shock wave. Although sufficient information is not
available concerning shock damage to actual equipment on an operating submarine to allow
precise numerical values to be assigned to the impulse associated with a given degree of

damage, present indications are that an impulse somewhere - would be likely
to cause immobilizing damage during an end-on atta Xk against a submarine with hull diam-
eter about 15 feet, and that an impulse somewhere would be likely to

cause immobilizing damage during a broadside attack. Approximately one~half of the
above values of impulse might be associated with damage classified as moderate.

For submarines of larger diameter, the critical values of impulse should inerease lin-
early with diameter. In effect the impulse criterion is equivalent to a velocity criterion.

8.7.2 Deep Nuclear Bnrsts With Shallow Submergence. For Waaoo, SEh3 was sub-
merged at periscope depch, and surface cutoff greatly reduced the duration of the pressure
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wave. The damage criteria used in the previous section may therefore be applied. Damag-
ing ranges for submarines in deep water may be estimated.

For deeper target submergence, the time to cutoff, and consequently the impulse, in-
crease. The potential for shock damage increases in proportion, as long as the cutoff
time remains short compared to response time for equipment damage. For greater cutoff
times, the extra impulse should not produce additional shock damage. Some other param-
eter should be a more accurate index of shock damage in such situations. ’

8.7.3 Deep Bursts With Deep Submergence. Attack by deep burst on deep targets is a
likely tactical situ=tion. Here, also, the data i« scant, This geometry was involved in
Wigwam rather than in Bardtack. The result is briefly mentioned here.

From the data for Squaw 13, it was concluded in Reference 6 that, on deeply submerged
targets possessing ordinary hull resistance, shock damage will be less important than hull
damage.

No general shock-damage criteria may be drawn directly from the tests on Squaws 13
and 12 in Wigwam. However, it appears logical to assume that the same impulse values
that were used for shallow submergence could be used for deep submergence. Because
the impulse that is acting after the shock wave has traversed the hull cross section does
not appreciably increase the bodily velocity (Reference 31), the critical impulse is calcu-
lated only up to the transit time.

By use of the impulse up to transit time as the index, calculations of damage ranges for
deep bursts and deep submergence may easily be made for different charge sizes and ge-
ometries. The ranges depend on hull diameter, size of device, depth of burst, depth of
submarine, and oceanographic conditions. Because of the many parameters involved, no
general tables of damaging ranges are presented in this report.
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8.8 SUMMARY

3 Nuclear tests such as Shots Wahoo and Umbrella, involving ships containing mainly ob-
. solete and inoperative equipment, cannot directly furnish all of the information necessary
) for predicting safe or damaging ranges for modern, operational ships delivering under-
o ';y ' water nuclear devices. Information obtained from such tests provides information on the
1 relationship between loads and response, and the effects of the particular attack on the
;‘ shipboard installations tested. Although such information is crucial for eventual generali-
" zation of predictions of safe and damaging ranges, it must be buttressed by damage data
) from operating ships.
’{'h::! In order to obtain reliable predictions of safe and unsafe ranges for modern, operating

2 ships, the data from Hardtack must be supplemented. Of greatest importance is informa-
; tion on the relationship between the severity of the shock motions and the resultant degree
of operational impairment for a modern ship, equipped with missiles and their accompany-
ing detection, tracking, and guidance systems, Such information is presently being ac-

quired by the testing of operating ships with chemical explosives.
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TABLE £.83 RANGES FOR VARIOUS PEAK VERTICAL PARTICLE VELOCITIES
OF THE SURFACE WATER OVER UNDERWATER NUCLEAR
EXPLOSIONS FOR WAVE REFLECTED FROM FLAT BOTTOM
5,000 FEET DEEP

Horizontal range in vards from surface zero for indicated velocity in feet per second

Vieiu Depth Peuak Verucal Particle Velocities
of Burst 4* 3 2 1
kt ft
2.5 500 % + 1 4,397
2.5 750 ® t t 4,420
R 1,000 i \ T 4,443
2.5 1,500 ] t t 4,467
2.5 2,000 t + t 4,477
5.0 500 t t 1 5,634
3.0 750 T t 1,503 5,623
5.0 1.000 T t 2,002 5,610
3.0 1,500 1 i 2,418 5,575
5.0 2,000 t i 2,652 5,622
10.0 500 t t 3,530 6,887
10,0 750 T t 3,593 6,853
10.0 1,000 * b 3,649 6,813
10.0 1,500 4 t 3,736 6,727
10.0 2,000 ¥ 1.655 3,796 6,630
30.0 500 T 3,375 5,546 9,060
30.0 750 t 3,636 5,636 9,017
30.0 1,000 1,756 3.668 5,527 8,910
30.0 1,500 2,238 3,772 5,493 §,750
30.0 2,000 2,557 3,830 5,450 8,580

* Velocities 5 it sec or greater do not occur for any of the conditions shown.
1 Indicated velocity do&s not occur at any range.
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TABLE 8.4 RANGES FOR VARIOUS PEAK VERTICAL
PARTICLE VELOCITIES OF THE SURFACE
WATER OVER UNDERWATER NUCLEAR
EXPLOSIONS FOR WAVE REFLECTED FROM
FLAT BOTTOM 10,000 FEET DEEP

Horizontal) range in vards from surface zero for indicated
velocity in feet per second.
Depth Peak Vertical Particle Velociiy

Yicls

of Burst 1*
Kt ft *
2.5 + 500 t
2,5 750 t
2.5 1.000 1
2.9 1,500 T
2,5 2,000 1
3.0 500 T
5.0 750 T
5.0 1,000 1
5.0 1,500 ¥
5.0 2,000 M
10.0 500 t
10.0 750 T
10.0 1,000 T
10.0 1,500 6,213
10.( 2.000 6,383
30.0 500 10,230
30.0 750 10,237
30.0 1,000 10,243
30.0 1,500 10,250
300 2,000 10.25¢

* Velocities of 2 ft sec or grester do not occur for any of the
conditions shown.
* Indicated velocity does not occur at any range.

TABLE 8.5 EFFECT OF REFRACTION ON THE SURFACE PARTICLE VELOCITY FROM
AN UNDERWATER NUCLEAR EXPLOSION

The data is summarized {rom ray calculations charge
fired at depth of 500 feet under various typical oceanographic conditions. The variation of
the velocity of sound with depth in the North Atlantic was taken from Reference 42, and

the ray calculations for Bermuda from Reference 3.

Horizontal Range \n Feet
2,000 3,000 4.000 5,000 10,000

Cceanographic Condition

Surface water velocity in ft ‘sec

Isovelocity water 13.0 5.7 3.2 1.9 0.5

North Atlantic (Average) 12.0 5.1 2.1 0.9 0.1

Bermuda (March) 13.4 5.7 3.9 1.9 0.6

Bermudx tJanuary) 16.0 6.9 3.8 2.1 0.5

Bermuca fAugust) 12.2 4.5 1.8 1.4 0.2

Eniwetok {(Wahoo) 11.3 1.6 2,2 1.2 0.2
192
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Chapter 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 CONCLUSIONS

The following conclusions were drawn with respect to material damage to ships caused
by the shock waves from underwater nuclear explosions:

1. The shock-damage ranges for ships from underwater explosions depend greatly on
the design and condition of the machinery and equipment.

2. Additional tests to evaluate the shock strength of equipment on operating ships are
necessary in order to provide sufficient data for correlating shock load and damage. These
tests, which may be carried out with large high-explosive charges, will provide a rational
basis for shock-hardening of equipment and for prediction of safe delivery ranges.

3.

4. Temperature gradients in the water increase or decrease the safe and damaging
ranges, e.g., at Eniwetok the range for moderate damage was 10 percent less than the
above value. At Bermuda in January the range is expected to be 7 percent greater.

5.

6. Information on shock damage on operating submarines is scant, and estimates of
damaging ranges for submarines, necessarily based on experience mainly with inoperative
ships or models, are subject to a large element of uncertainty.

8. Surface ships and submarines at periscope depth will be disabled by shock damage
to ship equipment at ranges at which no significant hull damage occurs.

9. Deeply submerged submarines can experience significant hull damage at ranges at
which appreciable shock damage occurs.

10. For deep bursts of nuclear devices in deep water, at least three disturbances may
be expected at relatively close range: the shock wave, the pressure associated with the
closure of cavitation, and the reflection of the shock wave from the ocean bottom. At dam-
aging ranges, the principal damage is produced by the shock wave, while at more distant
ranges only the reflected wave has appreciable effect. At some ranges all three disturb-
ances have effect. In shallow water, the wave transmitted through the bottom gives rise
to motions which can 1n general be ignored for shock purposes. Bubble pulses do not con-
tribute to shock damage.
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11. Supports for propulsion machinery on destrovers are particularly susceptible to
shock damage from nuclear explosions.

12,

13. In general, the propulsion and navigational machinery on merchant ships is sus-
ceptible to damage from underwater explosions. This results in part from the use of
brittle materials and in part from the lack of consideration of shock resistance in design.

14. Electronic equipment is particularly susceptible to damage and detuning as a
result ot underwater explosions.. This results in part {rom the lack of considvration of
shock resistance in the design and installation of equipment and inadeguate shock testing

of assemblies.

9.2 RECOMMENDATIONS

1. To evaluate the shock strength of equipment on operating ships and the ability of the
ship to perform its mission under Service conditions, high-explosive shock tests of all

ship types are recommended.

2. To evaluate the adeguacy of a modification of the destrover propulsion-system foun-
dation made following Hardtack and to assess the desirabllity of incorporating it in ex-
isting destroyers, underwater explosion tests with large chemical charges on DD474 are
recommended.

3. To evaluate the shock strength of electronic, navigational, and new-type ordnance
equipment relative to that ~f the propulsion system, its installation in a Hardtack-type
destroyer for underwate» ..iplosion shock tests is recommended,

4. Gyrocompasses could well be redesigned 1o make their strength comparable with
that of other vital ship equipment.

5. A program for decreasing the vulnerability of equipment in merchant ships to under-
water explosion attack is recommended.

6. Oceanographic surveys should be conducted in areas of interest to determine tem-
perature gradients and bottom-reflection coeificients.

7. Tests should be conducted on an operating submarine with large chemical charges to
study the development of equipment damage and the effects of duration and orientation on
shock motions.

8. The reliability of ship electronic equipment should be improved by more attention {o

its design and installation, and by more adeguate acceptance-testing.

202




R o "t
ZEEE
B! oS

13
1
i
¥
4
]
3
¥
.
fd
.
-
.
e
(]
4
¥,
3
L4
|7

19

. .w

¢

W

!‘ {

e

d

* REFERENCES
$ }

3:‘:{ 1. H.L. Rich: “Shock Measurements during Depth-Charge Tests on the USS Dragonet
-

(S5293)”%; Report R-283, April 1945; David Taylor Model Basin, Washington 7, D.C.;
: 3 ' " Confidential.

\ 2. F.F. Vane; “Measurements of Shock Motions on Certain Naval Vessels”, Report
”@5 C-53; David Taylor Model Basin, Washington 7, D.C.; Confidential.

-:ﬂl 3. H.L. Rich; “Velocity-Time Measurements”; Bureau of Ships Instrument Group Re-
:%; port Section VI, Operation Crossroads, undated; Bureau of Ships, Washingon, D.C.;

o ! Confidential.

1)

4. R.T. McGoldrick; “Accelerometers, Reed Gages, and Seismic Irstruments’ Bureau
‘U; of Ships Instrumentation Group Report Section 1, Operation Crossroads, unaatiud, Bureau
_{ of Ships, Washington, D. C.; Confidential.

:. 5. H.L. Rich et al; “Hull Response and Shock Motion— Background, Instrumentation,
A ana Test Results”; Project 8.2 (Part I), Operation Wigwam, WT=1023, April 1957; David

Taylor Model Basin, Washington 7, D.C.; Confidential Formerly Restricted Data,

6. H.L. Rich et al; “Hull Response and Shock Motion=—Discussion and Analysis”;
Project 3.2 (Part II), Operation Wigwam, WT=1024, March 1957; David Taylor Model
Basin, Washington 7, D.C.; Confidential Forme1.y Restricted Data. v

7. E.T. Habib et al; ““Underwater Explosion Tests against USS Ulua (SS428), Part I,
TMB Instrumentation for 1952 Tests”; Report C-662, April 1955; David Taylor Mode!l
Basin, Washington 7, D, C.; Confidential.

8. E.S. Clark; ““Underwater Explosion Tests against USS Ulua (SS428), PartII, TMB
Instrumental Results from 1952 Tests’; Report C-671, September 1955, David Taylor
Model Basin, Washington 7, D.C.; Confidential.

9. C.M. Atchison and R. E. Converse, Jr.; “Underwater Explosion Tests against USS
Ulua (SS428), Part IIl, TMB Instrumentation for 1953 Tests’; Report C-710, January 1956;
David Taylor Model Basin, Washington 7, D.C.; Confidential.

10. E.S. Clark and L. W. Roberson; “Underwater Explosion Tests against USS Ulua
(8S428), Part IV, TMB Instrumental Results from 1953 Tests"; Report C-711, January
1956; David Taylor Model Basin, Washington 7, D.C.; Confidential.

11. R.D. Ruggles and S.C. Atchison; “Underwater Explosion Tests against USS Ulua
(85428}, Part V, Analysis of Results from 1952 and 1953 Tests”; Report C-781, June 195%:
David Taylor Model Basin, Washington 7, D.C.; Confidential.

12. H.L. Rich et al; “Analysis of Results of Shock Tests on USS Niagara (APAST);
Report C-242, January 1953; David Taylor Model Basin, Washington 7, D.C.; Confidential.

13. H.L. Rich and C. M. Atchison; “Shock Motions Produced in Missile Ships in Serv-
ice”; Shock and Vibration Bulletin No. 24, February 1957; Office of the Secretary of De-
fense, Washington, D.C.; Confidential.

203




« © 5 ¥
R Y

el

)
\

. .‘}.'
-C‘.'f

2 W WL m
D;:J ' a

14. E.T. Habib, R.E. Converse, Jr., and W. E. Carr; “Shock on USS Shrike (MSC201)
from Underwater Explosions”; Report C-929, August 1958; Confidential. F.Weinberger;
“Shock on USS Aggressive (MSO422) from Underwater Explosions”; Report C-930, August
1958; Confidential. R.L. Bort; **Shock on USS Bluebird (MSC121) from Underwater Explo~
sions”; Report C-931, September 1958; Confidential. R.E. Converse, Jr., and W. E, Carr;
““Shock on USS Conflict (MSO426) {from Underwater Explosions”; Report C-932, April 1959;
Confidential. F. Weinberger; *Shock on (MSB27) and (MSL3) from Underwater Explosions”,
Report C-933, February 1959, Confidential. David Tavlor Mode! Basin, Washington 7,
D.C.’

15. R.E. Converse, Jr.; “Shock on YFNB 12 from Underwater Explosions™; Report
C-783, January 185%; David Taylor Model Basin, Washington 7, D.C.; Confidential.

16. E.T. Habib and C. M. Atchison; “Shock on USS Gyatt (DDG1) from Underwater Ex-
plosions”; Report C-923, April 1958; David Taylor Model Basin, Washington 7, D.C.;
Confidential.

17. H.M. Schauer; “ Tapered-Charge Testing of the DD592”; Project 3.1, Operation
Hardtack, ITR-1605, July 1958; Underwater Explosions Research Division, Norfolk Naval
Shipyvard, Portsmouth, V:,ginia; Confidential Formerly Restricted Data.

18. C.M. Atchison and R. L. Bort; ‘“‘Shock on YAG37 during Underwater Explosion
Tesis”; Report C~898, July 1958; David Taylor Model Basin, Washington 7, D.C.;
Confidential.

19. C.J. Aronson et al; “Underwater Free-Field Pressures to Just Beyond Target
Locations”; Project 1.2, Operation Wigwam, WT-1005, May 1957; Explosives Research
Department, Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland; Confiden-
tial Formerly Restricted Data.

20. R.L. Richetal; “Loading and Response of Submarine Hulls from Underwater
Bursts (C)’%; Project 3.5, Operation Hardtack, WT-1629, December 1960; David Taylor
Mode! Basin, Washington 7, D.C.; Confidential Formerly Restricted Data.

21. A.R. Paladino; “Vibration Characteristics of Certain Items on Squaw-29, YFNB-
12, and Papoose C”; Project 3.3, Operation Wigwam, WT-1026, May 1956; David Tayior
Model Basin, Washington 7, D.C.; Confidential.

22. R.B. Allnutt and E. Wenk, Jr.; “Strength Measurements during Deep-submergence
Test of USS K-1"; Report C-458, December 1951; David Taylor Model Basin, Washington
7, D.C.; Confidential.

23. G.D. Elmer; “Design Formulas for Yielding Shock Mounts”; Report 1287, January
1959; David Taylor Model Basin, Washington 7, D, C.; Unclassified. .

24. J.J. Kearns et al; “ Assessment of Ship Damage and Preparation of Targets for
Shots Wahoo and Umbrella (C); Project 3.8, Operation Hardtack, [TR-1632, November
1958; Bureau-of Ships, Washington 25, D.C.; Confidential Formerly Restricted Data.

25. J.W. Winchester et al; “Characteristics of Ocean and Bottom for Shots Wahoo and
Umbrella, Including Umbrella Crater (U)”; Project 1.13, Operation Hardtack, WT-1618,
February 1961; Office of Naval Research, Washington 25, D.C.; Confidential Formerly
Restricted Data.

26. R.H. Cole; “Underwater Explosions”; Princeton University Press, 1948.

204




27. Naval Ordnance Laboratory; Letter to: Underwater Explosions Research Division,
Norfolk Naval Shipvard; Serial 0587, 16 Mar 1959; Confidential.

28. F.B. Porzel et al; “Yield and Energy Partition of Underwater Bursts”; Project
1.11, Operation Hardtack, ITR-1616, September 1958, Armour Research Foundation of
Hlinois Institute of Technology, Chicago 16, Illinois; Confidential Formerly Restricted
Data.

29. Field Command, Armed Forces Spuecial Weapons Proiect, Letter to: David Taylor
Model Basin, ¢ Sep 1958; with inclosure ‘‘ Target Ships Distances from Surface Zero”,
Confidential.

30. Naval] Ordnance Laboratory, Silver Spring, Maryland; Letter to: Field Command,
Armed Forces Special Weapons Project; NOL Letter Serial 02428, Subject: “Preliminary
Results of a Calculation of the Shockwave for Operation Hardtack - Umbrella Shot,” 11 Dec
1957; Confidential.

31, J.A, Lax, W.J. Sette, and R.C. Gooding; ‘ Additional Calculations on the Response
of a Uniform Cylindrical Shell to a Pressure Pulse’”; NavShips 250-423-26, Report 1955-1,
January 1955, Sixth Conference on Progress in Underwater Explosion Research, Pages
91 - 112, Bureau of Ships, Washington 25, D, C.; Confidential.

32. S. Timoshenko; “Strength of Materials”; Vol 1, Page 240; D. Van Nostrand Co.,
New York, N.Y.; Unclassified.

33. M.A. Yow; “Re-estimation of Vertical Particle Velocity for Crossroads Baker”;
ey, David Taylor Model Basin, Washington 7, D.C.; Unpublished.

?:‘j}‘:} 34. Roger Revelle, CDR, USNR; “The Coordinator of Oceanography”; Report F,

‘\ Crossroads Baker, XRD 209; Bureau of Ships, Washingtor: 25, D.C.; Secret Restricted
A Data.

Ty

i 35. “Overall Summaries of Target Vessels”; Bureau of Ships Group, Technical In-
-’*’-! spection Report, Volumes 1 and 2, Operation Crossroads, Test Baker, Bureau of Ships,
\'»'Cé/:: Washington 25, D.C.; Confidential.
it

Tl 36. Bureau of Ships Group, Final Technical Inspection Report, Vol 1, Operation Cross-
:v,{‘é,': roads, Director of Ship Material, JTF1; Bureau of Ships, Washington 25, D.C.; Confidential.

37. “‘Underwater Pressure Measurement, Ball Crusher Gages”; Bureau of Ships In-
strument Group Report, Section VIII, Operation Crossroads; Bureau of Ships, Washington
25, D.C.

38. Dr. A.B. Focke, Scientifir Director of Wigwam; ‘A Review of Operation Wigwam,
Proceedings of Seventh Symposium on Underwater Explosions Research”; Report C-7-4,
Part II, November 1936; David Taylor Model Basin, Washington 7, D.C.; Confidential.

39. G.A. Young, J.F. Goertner, and R. L. Willey; *“Photograghic Measurement of Sur-
face Phenomena’; Project 1.5, Operation Wigwam, ITR-1059, Ma) 1955; Explosives Re-
search Department, Naval Ordnance Laboratory, Silver Spring, Maryland; Confidential
Restricted Data.

46. L.W. Kidd and %.S Montgomery; “Water Waves Preoduced by Underwater Bursts™
Project 1.6, Operation Ha~dtack, ITR-1611, November 1958, Scripps Institution of Ocva-
nograph;, University of California, La Jolla, California; Confidential Formerly Restricted
Data.

205
X

A s e L A L N P T A O L et D 0 L O B L T LN S SUE DS W A X T SO N WL A AR R S R ST TR SO S L e e 4




41. Chief of Naval Qperations; Letter; Op-342F2’msb Seriai 593P34, Subject: ‘“Ship
Damage Definitions”, 31 Jul 1959.

42, “Sofar Triangulation Methods”; WHOI 49-38, August 1949; Woods Hole Oceanog-
raphy Institution, Woods Hole, Massachusetts.

43. “"Effect of Refraction on the Pressure Pulse from Underwater Atomic Explosions”,
NCRE R 406, November 1958; Naval Construction Research Establishment, St. Leonard’s
Hill, Dunfermline, Fife; Confidential.

206
Pages 207 and 208

deleted.




