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ABSTRACT

Several exploratory tests have been conducted with stiffened circular
cylinders to determine the possible weakening in hydrostatic strength produced
by steady-state lobar vibrations. This mode of response involves deformations
of the frame-and-shell combination in transverse planes such that longitudinal
corrugations occur which vary sinusoidally in amplitude between holding bulk-
heads. This report describes the results of tests on an identical pair of models
designed to fail under hydrostatic pressure by yiolding of the shell.

In these tests, one model was subjected to hydrostatic pressure alone
while the other was subjected to combined hydrostatic pressure and steady-
state radial vibration. As a result the vibrated model failed at a lower hydro-
static pressure; each model exhibited the same mode of failure (shell yield).
The observed reduction in collapse pressure was attributed to superposition
of vibratory stresses on static stresses.

The investigation also included:

1. Correlation of the measured natural frequencies with those theoretically
possible based on analysis of the stiffened shell as a collection of elastically
supported rings and on Bleich’s analysis of the combined action of frame,
shell, and bulkhead.

2. Study of effects of hydrostatic pressure on the amplitude of response
at resonance with a constant driving force.

3. Cetermination of virtual mass of surrounding water at resonance

frequencies.

4. Study of effects of hydrostatic pressure on the résonance frequencies,

INTRODUCTION

To further the understanding of the mechanism of failure of submarines under enemy
attack at great aepth, it was desired to determine the contribution of the lobar mode of re-
sponse to collapse of submarine pressure hulls subjected to underwater explosions. The
possible importance of this mode of dynamic response has been under serious consideration
in submarine research only during the past several years, mainly as a result of work initiated
at the David Taylor Model Basin in the latter part of 1949, !-3

Although not conclusively demonstrated, it is considered tiiat with a submarine some
portion of the response to explosive attack occurs in a lobar mode, that is, the frame-and-shell

1Rc!umu are listed on page 36
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combination deforms i. transverse planes such that longitudinal corrugations occur which
vary more or less sinugo.dally in amplitude between holding bulkheads. Actually, many such
modes may be developed simultaneously with verious phase relationships and amplitudes
which depend on the characteristics of the structure and of the loading. The study of this
response under actual explosive conditions is complicated by the variety of modes excited
and the lack of control over variations in the loading pulse. Thus, as a means of developing
some fundamental data regarding the effect of lobar response cn strength, these exploratory
tests were conducted using steady-state excitation such that response in any selected mode
could be readily determined uader controlled conditions. In order that the damaging effects
of such vibration might be evaluated, the tests were conducted with combined pressure and
vibratory loading to investigate specifically the possiolc weakening in hydrostatic strength
which would be engendered by the vibrations, excited either by a vibrator or by transient
loading.

In addition to its possible influence on hull strength this mode of dynamic response may
warrant further consideration in other research studies pertaining to underwater noise gener-
ated by submarines and to the efiectiveness of shock mounts.

Although these tests were necessarily of an exploratory nature, since no record of
similar work exists, as many definite objectives were set as were deemed practicable.
Specifically, the objectives of the tests were:

1. To determinc whether the collapse pressure of a submarine pressure hull is adversely
affected by the superposition of lobar vibration upon hydrostatic pressure.

2. To determine whether the mode of collapsc is altered by the above combined action.

3. To obtain additional information to supplement present knowledge of the dynamic char-
acteristice of stiffened cylindrical shells when subjected to radial excitation and to correlate
the measured natural frequencies with those theoretically possible on the basis of analyses
of the stiffened shell as a collection of elastically supported rings.

4. To determine the virtual-mass effect of surrounding water.
5. To determine the effect of hydrostatic prossure on the resonance trequencies of lobar
vibration.

For these tests two pairs of simplified models of submarine pressure hulls were tested.
One model of each pair was subjected to hydrostatic pressure only, while the other model was
subjected to combined hydrostatic pressure and steady-state lobar vibrations. The first set
of model s, designated DR201 and DR202,* failed by shell yield, while the second set,

At the time cf these tests Model S§-3U, s model identical to Model DR201 which was constructed by the Nor-
folk Nsval Shipyerd for explosion tests, had recently been subjected to hydroststic tests st the Tavior Mode!l
Basin in connsction with an investigstion of residual cttength.s In general, repetition of this test »ould be con-
sidered desirable, but in this csse funds were limited and duplics’:on wes not belisved warrant:d for these ex-

ploratory tests. For these ressons the results obtained on §SS-3U are used for comparison purposes in this report.
The complete descrintion and results of this phase of the test are given in Reference S.

CONFIDENTIAL
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designated DR208 and DR204 and identical to the first set except for lighter frames, failed
by general instability. The results of these four tests are contained in reports issued in two
parts, Part I pertains to Mode!s DR201 and DR202; Part IT ¢ pertains to Models DR203 and
DR204 and also contains a general discussion of all results.

In this report, Part 1, there is contained & description of the models, instrumentation,
test proceduros, and model damage. Also included are results of static and dynamic strain
measurements and of the measured resonance frequencies of the model in air, surrounded by
water at atmospheric pressure, and as hydrostatic prossure is applied. The results are dis-
cussed and compared with appropriate theories for the static and dynamic behavior of a stiff-
ened circular cylinder. From these discussions conclusions are drawn with a view toward
satisfying the test objeclves.

DESCRIPTION OF MODELS

The models tested simulate the center circular section of a submarine pressure hull
with five evenly spaced rectangular frames and two heavy rings at each end which simulate
wing bulkheads. The goometric characteristics of the models are:

2R Diameter to the median surface of the shell 26.84 in.
A Nomical thickness of the shell 0.1586 in.
L, Center-to-center distance between adjacent frames 4.50 in.
L Effective unsupported length of shell between frames 4.22 in.
L, Distance between external bulkhead rings 2L5 in,

Additioaal geometric characteristics of the models are given in Table 1. The nominal dimen-
sions of the models are shown in Figure 1. The shells are constructed of 5/82-in. medium-
steel plate.

The yield strength of the steel employed in Models DR201 and DR202 is not known
exactly because the strength of samples of steels for a large number of similar models was
measured by the manufacturer without correlating individual specimens and models.5 From
the data later available it was learned that the values of yield strength could have varied
between 87,000 and 44,000 psi. It is possible that a nominal value of the yield strength of
40,000 pai® could be used for Model DR202, and it i8 suspected that Model DR201 may have
had a slightly higher yield strength—on the order of 48,000 to 44,000 psi.**

¢The average value of yield strength from data furnished by tha manufacturer for a large number of models
which includad Model DR202 waa 40,000 psi.

e Tasta of samplaa obteined from two other 5/32-in. platea in the manufacturer’a stock at the tima of construc-
tion »f Model DR201, and latar used for construction of Modals DR203 and DR204, give a yleld strength of
43,000 pai in the direction of mili roll (circumferential on models) and 44, 600 pai normal to the direction of roll
(ongitudinal o= modala) with a Rockwell herdnesa of B-72

SECURITY IN FORMATION CONFIDENTIAL
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TABLE 1

e v e -

Geometric Characteristics of Models DR201, DR202, DR208, and DR204

TMB :fodels TMB Models
Component Characteristics DRZ01 and DR202 | DR203 and DR204
(Figure 1) (Figure 1)
A Cross-sectional area in2 0.211 0.131
I Koment of inertia for section in4 0.00987 0.00235
1/4  Ratio of moment of inertia to cross- in2 0.468 0.018
Rectangular sectional area
Frame Orly r Radial distance from center to in. 13.875 13.738
neutral axis of frame
ré in4 3.706x 104 3.562 x 104
Ay/g Mass per unit length of frame '.Q‘ch 1.55 x 104 0.958 x 104
in.
A Thickness of shell in. 0.156 0.156
! Moment of inertia of section for in 0.143 x 1072 0.143 x 1072
Shell one frame spacing (4.5 in)
Guly r Radial distance from center of cylinder in. 13.422 13.422
to neutral axis of shell section
r4 in‘2 3.245 x 104 3.245 x 104
Ay/y Mass per unit area of shell 'Lizﬁ- 1.14x 1074 114 x 107
Combined L, Frame spacing in 4.5 4.5
SF'::::"" A  Cross-sectional area in2 0.913 0.833
(hssuming I Moment of inertia for combined section in* 0.0446 0.0144
width of 1/4 Ratio of moment of inertia to cross- in2 0.0489 0.0173
plating sectional area
equal to r Radial distance from center of model  in. 13.527 13.471
one frame to neutral axis of section
spacin
e L int | 3.348x 104 3.293 x 104
effective) Ay/g Mass per unit length ¢f section Ibi-:ec 6.69 x 10~ 6.11 x 1074

For purposes of orientation of iz=trumentation and model damage, the circumference
of the models is divided into dagree orientations with the longitudinal seam at 180 deg
measured clockwise looking into the open end. Frames aie numbered consecutively from
1 to 5 from the open end to the closed end; the top bulkhead (open end) is designated as
Bulkhead 1, and the bottom one as Bulkhead 2.

CONFIDENTIAL
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Figure 1- Schematic Diagram of Models DR201, DR202, DR203, and DR204

The shells of Models DR201 and DR202 were constructed of §/32in. medium-steel plate, and the frames
wrre constructed of high-tenaile steel. The exact yield strength of the material used is not known but
probebly ranged from 37,000 to 44,000 pai.

INSTRUMENTATION AND TEST PROCEDURES

Both models were tested in the Taylor Model Basin 15G0-psi, 37-in. diameter pressure
tank. The bottom of each mode. was sealed by a welded pressure-tight bulkhead, and the
top was welded to the serrated clamping ring for attachment of the model to the tank. The
ring has a large opening which permits access to and visual observation of the interior of
the medel during test.

Circularity measurements were obtained st the frames and midway between the frames
to indicate the initial out-of-roundness of both models and the final configuration after col-
lapse. No further measurements applicable to this test were made on Model DR202.

To study static and dynamic response, Model DR201 was first loaded to a given incre-
ment of hydrostatic pressure, and the static strains and pressure were recorded. The model
was then vibrated at the various modes of lobar vibration; the dynamic strains, the force ap-
plied by the vibration generator, and the dynamic pressure insice the test tank were recorded
simultaneously on the moving film of e Consolidated electromagnetic oscillograph. This
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sequence of loading and recording was adopted to minimize the possibility that large lobar
strains might serve (o strain-harden the model and thereby increase the pressure at which
nonlinearity would occur.

The hydrostatic loading schedule was:

Pressure Increments, psi
First Loading Second Loading
0 325 0 450
50 850 300 475
100 875 325
150 400 850
200 425 375
250 450 400
300 0 425

In order to evaluate the mode shapes and resonance frequencies of the model subjected
to lobar vibrations, data were obtained under the following conditions:

1. Model in air with test ends attached.
2. Model mounted in hydrostatic prussure tank surrounded by air at atmospheric pressure.

3. Model mounted in hydrostatic pressure tank surrounded by water at atmospheric
pressure.

4. At each increment of hydrostatic pressure during test.

For producing the required radial excitation during combined loading tests two Calidyno
electromagnetic generators, each capable of developing & maximum force of 25 lb, were at-
tached to the structure at locations shown in Figure 2. Each shaker has a calibration of
3.1 1b/amp (rms) armature current with the field current to each shaker adjusted to 0.4 amp.
The weight of the armature which is attached to the structure is 0.66 lb. For the tests con-
ducted in air, where the additional force was not required, only one shaker was employed in
order to minimize the inertia effect of the mass o: the armature. Control apparatus consisted
of a 115-v d-c field supply, a Hewlett-Packard 202D oscillator with a frequency range from 2
to 70,000 cps (which serves as the variable-frequency signal source), a 50-w power amplifier
coupled to the calibrator through a variac (continuously variable auto-transformer), and an
amature-current indicator. The armature-current signal was monitored on a cathode-ray os-
cillograph to check on the purity of the sine-wave excitation, and, in addition, the armature
current was recorded together with the strains. A reversing switch inserted in the armature
circuits enabled the respective phases of the two vibration generators to be changed for
cnrresponding modes of lobar vibration. The resonance frequencies were dotermined by vary-
ing the frequency of the exciting force and noting the frequencies at which maximum structur-

al response occurred for a minimum armature current at a given power setting.
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Figure 2a

Vibration Generotors

(180° Aport)
First Loading "
270"

Vibrotion Generotors—
(180° Aport)
Second Loading

Frome 3
Figure 2b

Figure 2 - Location of Instrumentation on Model DR201

The vibration generatora were connected to the interior aurface of the aheil, 18C deg apart, at
Frame 3 and were located at 120-deg and 300-deg orientation for the first loading. They were

relocated at 60-deg and 240-deg orientation for the aecond loading.

As noted in Figure 2 the locations of the vibration generators were

changed between

the first and second loading. This change in location was not originally planned and was
due to obser vations made during the test. It was noted during the first loading that at the
425-psi increment a small bulge® occurred at 40-deg orientation between Frames 2 and 3.

*The bulge consiated of a single lobe resembling that developed by sheil instability; this was believed occa-
sioned by local plastic yielding of the shell msterial which resulted in a reduction in equivalent modulus of

elasticity cauaing buckling of the shell.
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Collapse was then believed imminent, but pressure was increased to 450 psi without further
suggestion of failure. Arrest of this local yielding was attributed to striin hardening, and as
a result it was then decided to reorient the vibration gonerators to give maximum lobar exci-
tations at a different location. Hence, during the first loading the vibration generators were
connected to the interior surfuce of the shell 180 deg. apart at Frame 3 at 120-deg. and 300-
deg. orientation; for the second loading the vibrators were relocated at 60-deg. and 240-deg.
orientations.

In order to obtain the circumferential dynamic strain distribution around the shell and
the superposed static strain, Type A-7, SR-4 strain gagés were mounted at the five locations
shown in Figure 2. To facilitate testing and analysis, separate gages were mounted at each
location for simultaneous measurement of static and dynamic strain; each gage was connected
directly to equipment most suitabie for recordirg the respective measurement. The static
gages were connected to a Baldwin Southwark, Type K, strain indicator for which a dummy
temperature-compensating gage was mounted on an unstressed piece of steel attached inside
the model. Each active dynamic gage employed a separate dummy gage, and the two were
connected so as to form two arms of a bridge circuit. These gages were connected to a TMB
5K 15-A strain indicator, a carrier-type instrument for use in measuring dynamic strains at
frequencies up to 1000 cps. The instrument is designed for use with Type A SR-4 wire-
resistance strain gages and will deliver up to 15 ma to a 7-ohm gal vanometer for strains from
100 to 6000 y in/in. Internal calibration is provided for each sensitivity step. A Consoli-
dated eloctromagnetic oscillograph with 10-ma galvanometers was used to record the dynamic
strains. A 60-cycle timing signal was impressed upon one galvanometer to serve as a time
base.

Both the hydrostatic pressure and the variation of pressure within the test chamber
while the model was being vibrated wero recorded. The hydrostatic pressure was measured
with a 1000-psi Bourdon-tube pressure gage. Since it was expected that the change in volume
within the test chamber due to vibration of the model would be small, it was necessary to
select a pressure gage that could withstand the maximum hydrostatic pressure and yet be
sensitive enough to record the small variations in pressure. The most suiteble instrument
readily available which would satisfy these conditions was a TMB 1000-psi elastic-tube
pressure gage, which consists essentially of a thin elastic steel tube with strain-sensitive
electrical wire attached to it. This gage has a sensitivity of 0.7 pin/in/psi. The signal
input fium this gage was fed into a TMB 5K15-A strain indicator and rocorded on the
Consolidated oscillograph, thus enabling the variation in pressura to be recorded to the
nearest pound per square inch.

CONFIDENTIAL
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RESULTS

It will be recalled that Model DR202 was tested in connection with residval-strength
studies 5 and was not instrumented with strain gages. The model failed at a pressure of
515 psi by shell yield, Figure 8 shows that maximum damage occurred between Bulkhead 1
and Frame 1 and in the bay between Frame 1 and Frame 2. Plots of initial circularity before
testing and final contours after collapse are shown in Figures 4 and 5.

Figure 8 - Model DR202 after Hydrostatic Test

Note failure by yielding ~f the shell at 515 psi accompanisd by plastic instapility of shell
(formation of lobes).

Before presenting the results for Mndel DR201 in detail, it is significant to recall
that a shell bulge in this model was observed at 425 psi at 40-deg orientation between Frames
2 and 8. This occurred during vibration of the model at ¢ = 4 or i = 5 mode. As previously
mentioned the hydrostatic pressure was then increased to 450 psi, and the model was again
vibrated but collapse did not occur. The test was then repeated for the second loading se-
quence, and the model failed as hydrostatic loading was being applied at 495 psi with a
shell-yield type of failure accompanied by plastic instability (formation of lobes).

Major damage to Model DR201 resulting from final collapse at 485 psi occurred be-
tween Bulkhead 1 and Franse 1 and extended continuously around the model for approximately
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Longitudinal Profiles
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Figure 5 - Longitudinal Profile of Model DR202 through Maximum Bulge
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170 deg on both sides of zero orientation from 0 to 110 deg and from 300 to 360 deg. Figure
6 shows the damage as seen looking into the interior of the model when it was still mounted
in the hydrostatic test tank., Exterior views of the damaged model removed from the test
tank with end mounting plates still attached are shown in Figure 7.

Figure 6a - Before Collapse, First Loading Figure 6b - After Collapse, Second Loading
Figure 6 - Interior View of Model DR201

The model is still mounted in the hydroatatic test tank, and test apparatua is atill in place. Note failure by
yielding of the ahell at 495 pai accompanied by plaatic instability (formiation of iobes) in Figure 6b.

Figwe 7a Figwe 7>

Figure 7 - Exterior View of Model DR201 after Collapse
The modei haa been removed from the teat taak, but the end mounting piates are etill attached.

CONFIDENTIAL
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A quantitative evaluation of the initial circularity and the final damaged shape may be
obtained by examining the circularity charts. A typical circularity chart is shown in Figure
8; the complete circularity data may be found in Figures 18 to 80 in the Appendix. Circumfer-
ential and longitudinal profiles for the initial and final deflections in the region of greatest

270

\ /
Pl
\‘ - - d
240 ~ ,’ L W 4120

h - - e ST /
k“'-—-
Station 7, Frame 3
Initial Circulerity
/ o= == = Final Circularity
210 180 150

Figure 8 - Typical Circularity Chart for Model DR201
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damage are shown in Figure 9. The initial circularity of the model is within the specified
tolerances for out-of-roundness with the exception of one location at the longitudinal seam,
Frame 3, as shown in Figure 8. Here the maximum initial deviation from an approximate mean
true radius is 0.09 in., which is slightly greater than the one-half shell thickness ailowed by
specification,

The static strain measurements are given in Figure 10. These curves indicate that
some yielding occurs between 200 and 300 psi during the first loading. For purposes of eval-
uation, the reciprocal of the slopes of the linear portion of these curves for the final loading
is givea as a strain sensitivity coefficient in microinches per inch per psi. It is noted that
some variation in strain sensitivity occurs around the circumference of the model. This varia-
tion, which has been observed in similar models, could
possibly be attributed to small abrupt local variations _ |

i
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Figure 9 - Circumferential and Longitudinal Deflection Profiles in the Region
of Greatest Damage to Model DR201

The circumferential pecfile was obtsined midwsy between Bulkhesd 1 and Frame 1. The loogitudinsi profile
waa obtained at 15-deg orientation.
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in circularity and shell thickness although this has not been conclusively shown. Hence, for
comparison with computed static strains, the experimental observstions were averaged and a
value of 1.51 uin/in/psi was obtained.

Tabulated results of the dynamic tests for the first and second loadings are given in
Tables 2 and 8; these show the amplitude of driving fccce due to the vibrator, the resonance
frequencies, and the resulting dynamic strain at each gage location for every increment of hy-
drostatic loud for the various lobar modes. The modes excited wete ¢ = 8, ¢ = 4, and ¢ = §;
the ¢ = 2 mode could not be excited with the model clamped in the test tank. In examiningthe
tabulated data, it should be noted that during the first loading sequence up to 425 psi the
strains measured by Gage 1 represent the maximum for each mode. This is not true for the
second loading due to reorientation of the vibration generators. However, the consistency of
the data for both loadings is indicated by comparison of strains measured by Gages 2 and 8
located at the same circumferential orientation one frame spscing apart. Gage 3 gives a
slightly higher value of strain than Gage 2 due to larger displacements at this location.

Summarized values of dynamic strain sensitivities, microinches per inch per pound dy-
namic force plotted against hydrostatic pressure for ¢ = 8, 4, and 5 modes of lobar vibration
for Gage 1 during the first loading, are shown in Figure 11, From these results it appears,

~
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in general, that the dynamic strain sensitivity increases for each successive higher mode
measured and, also, as the hydrostatic pressure is increased up to 250 psi. Above this value
of hydrestatio load, the relationship between dynamic strain sensitivity and hydrostatic pres-
sure decreases and then slightly increases again. As will be shown later this behavior cannot
be rationally related to the structure of the model itself, and several explanations have been
sought from examination of the test conditions.

The dynamic variation in pressure within the hydrostatic test chamber while the model
v'as being vibrated was small, less than 3 psi, and can be considered negligible as a con-
tributor to failure. This is as would be expected since the change in volume due to the inex-

tensional component of vibration would necessarily be small.
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TABLE 2

CONFIDENTIAL

Results of Dynamic Measurements During Combined Loading Test,
First Loading, Model DR201

Hydrostatic[Driving JResonance Dynamic Strain
Pressure [Force, IV Frequency pin/in Single Amplitude
psi Alr::m cps Gage 1 |Gage Z]I Cage 3| Gage 4| Gage 5
Lobar Mode £ = 3
50 22 247 12 17 18 8 16
100 20 242 35 28 28 66 45
150 26 247 90 | 107 112 17 93
200 30 246 106 ] 130 174 143 9
250 22 237 94 85 89 178 135
300 25 242 47 58 60 - kY|
325 26 242 93 | 105 112 85 67
350 26 233 67 46 53 109 92
365 24 233 66 46 52 105 111
400 25 227 52 i 42 90 72
425 20 227 o4 46 53 107 90
450 20 228 52 46 42 97 76
Lobar Mode =4
50 11 325 25 13 16 15 KY ]
100 11 326 181 ST 70 128 -
150 25 320 80 35 37 103 109
200 24 315 140 32 19 143 159
250 31 315 260 | 108 111 303 | 333
300 ] 309 32 9 9 46 38
325 ] 303 90 18 17 106 | 108
350 22 301 126 75 L] 160 164
365 24 300 136 69 78 180 176
400 20 301 106 15 85 113 139
425 22 296 142 80 56 177 192
450 20 293 127 69 80 151 158
i.obar Mode : = 5
50 14 472 27 9 9 31 8
100 20 412 212 70 80 16 -
150 22 465 69 27 26 18 127
200 21 457 160 98 105 173 21
250 16 455 183 94 100 165 21
300 13 446 110 14 17 86 3
328 24 440 151 90 98 120 35
350 20 437 93 62 60 73 25
365 17 434 112 80 82 90 28
406 13 433 113 1L 85 86 35
425 17 428 143 | 126 105 106 47
450 19 427 136 89 97 | 108 40
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Results of Dynamic Measurements During Combined Loading Test,

18

TABLE 8

Second Loading, Model DR201

Hydrustatic Priving | Resonance Dynamic Strain
Pressufre Force, I Frequency m in/in Single Amplitude
psie¢  |Single cps Gage 1[Gage 2 [Gage 3 [Gage 4] Gage b
mp.
Lobar Mode ¢ = 3
0 3l 243 32 32 37 12 51
325 26 233 78 46 LY 115 98
375 23 233 83 60 6l 131 64
400 27 232 638 57 56 136 101
425 26 230 94 80 81 161 131
450 24 228 64 5% 5% 119 104
475 22 7 70 59 63 130 164
Lobar Mode ¢ = 4
0 23 332 7 68 76 13 14
325 3 306 87 52 51 138 9%
350 22 304 1 60 66 % 89
375 20 299 32 183 187 39 49
400 26 2% 31 195 219 137 38
425 27 295 28 189 222 33 H
450 29 293 38 135 154 65 61
475 22 290 29 115 135 32 34
Lobar Mode. £ =5
0 19 480 n 19 19 79 29
325 23 443 27 4 36 316 98
350 23 439 291 60 52 365 129
3% 25 437 185 30 27 Yyl 19
400 26 437 170 56 32 192 64
425 28 432 129 40 §1 143 35
450 23 428 112 35 38 122 23
475 22 425 93 35 39 100 17
¢ Measurements at stmospheric presaure obtained after collapae.

The change in the lobar resonance frequencies plotted as a function of hydrostatic

pressure is shown in Figure 12. It is noted that the resonance frequency for each mode is

diminished as the hydrostatic loading is increased.
Table 4 lists the observed resonance frequencies obtained on Model DR201 under the
various test enviicnments and also shows the effect of hydrostatic pressure and virtual mass

of surrdounding water on the resonance frequencies of lobar vibration. Here it is noted that

the resonance frequencies in water are only about 60 percent as large as those obtained in

air due to the virtual-mass effects of the surrounding water, and furthermore, that increasing

the hydrostatic pressure lowers the resonance frequencies still further.
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Figure 12 - Experimental and Theoretical Variation of Resonance Frequencies of
Lobar Vibration with Hydrostatic Pressure for Model DR201

The dotted curve wss obtained from Equation [4]. page 30, which incorporstes the theoretical effects of virtual
mass and hydrostatic preasure into the frequency equstion of sn elsstically supported ring. Experlmentally de-
termined values of £ = 3.35 x 104 snd n = 626 x 10* for the model in sir were used.

TABLE 4
Observed Frequencies of Lobar Vibration Obtained under Various Test Environments

The smount by which the resonance frequencies of lobar vibrstlon are lowered becsuse of the virtual mass of
swrounding water vsries slightly from 43 percent at t=3to59 percent at 1= 5,

Frequency, cps

First Second | Third | Fourth | Fifth
Test Enviroment Flexusal | Flexural |Flexural | Flexural | Flexural
Mode Mode Mode Mode Mode
t=2 t=3 t=4 t=5 t=6
Model in Ais 365 440 580 790 1029

Model Mounted in Pressure Tank
Sursounded by air at

atmospheric pressure . 435 550 790 -
Surrounded by water at
atmospheric pressure - 250 330 480 -
Surrounded by water at
200 psi . 246 315 457 -
Surrounded by water at
350 psi - 233 301 437 -
Surrounded by water at
425 psi - 227 296 428 -
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DISCUSSION OF RESULTS

The occurrence of an initial skell bulge, observed on Model DR201 at 425 psi, well in
advance of final collapse pressure (485 psi) has not been observed previously during hydro-
static tests of models and is attributed to the presence of lobar vibration. It is impossible
to know whether or not collapse would have occurred at this time had the pressure been main-
tained, i.e., the condition of a pressure hull surrounded by an infinite fluid medium.*

Tho observed difference between final collapse pressures for Models DR201 and DR202
(495 and 515 psi) was small but would have been somewhat larger if models having shell ma-
terial of the same yield stcength had been used. The lack of exact information concerning the
yield strength masks the results considerably. However, it is possible to deduce from the
measurements obtained that the reduction in collspse pressure for this model, designed to
fail by shell yield, might be attributed to superposition of dynamic stresses upon hydrostatic
stresses.

Correlations between experimental and theoretical stressos and collapse pressures
serve to amplify the above statements. Qualitative comparisons can be made by employing a
nominal value of 42,000 psi for yield strength. Using standard practice of equating the elas-
tic stress of Formula 92a (from theory of von Sanden and Gunther®) to the yield stress of ma-
terial, the collapse strength of the model is 490 psi. With the elastic stress at the median
surface of shell midway between frames (from the same theory) equal to the yield strength
given oy the von Mises-Hencky? theory of failure, the collapse strength is 602 psi.** It is
not yet known which method of computing collapse pressure is valid. However, for the pur-
pose of demonstrating the effect of superposing the static and dynamic stresses, the first
method of calculation is employed. From Table 8, it is noted that during combined loading

¢Undet this coadition the shell cpuld concaivably displaca until strains of sufficient msgnituds would initiate
straln hardening which would result in a rapid deceieration of the structure. The subsequent response may be
considered analogous to the magnified rasponse of an elaalic structure under dynamic loading.

se]t is also noted that the Salerno and ch!nls theory indicatss that general instability failure would occur at

675 psi with sn i = 4 mode of collapse by assuming simple end support and at 924 psi with an i = § mods of col-
lapsa with clamped ands.
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of Model DR201, the maximum dynamic circumferential strain was of the order of 150 uin/in.,
which corresponds to a uniaxial streas of 4500 psi. 3Superposition of this stress upon hydro-
static stress reduces the above computed collapse pressure from 490 psi to 485 psi. This
serves to indicate that superposition of stresses can account for the luwered pressure at
which the first bulge occurred and might in turn account for the difference in final collapse
pressures. An explanation for reductions in collapse pressures for models which fail by gen-
eral instability will be discussed in Part II of this report.*

A further comparison of the von Sanden and Gunther elastic theory with experiment may
be obtained from examination of the circumferential and longitudinal strain distributions shown
in Figures 13 and 14. It is seen from Figure 13 that the circumferential strain sensitivity di-
rectly under the frame, /! = 0, of 1,58 xin/in/psi compares favorably with the average exper-
imental circumferential hydrostatic strain at this location of 1.51 uin/in/psi.
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Figure 18 - Theoretical Circumferential Strain Distribution per Unit Hydrostatic

Pressure for Models DR201 and DR202
The circumferential strain on the interior and exterior surfaces are identicsl.
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From inspection of the final collapse damage of Models DR201 and DR202, it can be ob-
served that lobes are formed similar to the type expected by shell inatability failure except
that they are not formed completely around the circumference. It is postulated that, for these
models having a thinness factor of

4
L/2R)?
(i

(W2R)?

plastic yielding of the shell material results in a reduction in eguivalent modulus of elastic-
ity causing buckling of the shell. This appears to be a posasibility since there is a definite
relation between the wave length of the lobes observed and those theoretically predicted for
instability of tubes loaded with both radial and axial pressure by von Mises, Equation [6].
Reference 9. For the geometry of these models, L/2R = 0.157 and h/2R = 0.0058, von Mises
predicts that 12 lobes would be formed for a shell instability mode of failure. The number of
lobes observed fcr Model DR201 for 180 deg (Figure 9) is 6; this indicates that, if lobes
were formed around the entire circumference as is assumad in the theory, there would have
been 12 lobes.
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As previously stated, the mode of vibration excited involved bending of the frame-and-
shell combination in transverse planes such that longitudinal corruxations occur which vary
sinusoidally in amplitude between holding bulkheaus. During the test, prior to recording data,
surveys of the relative amplitudes of vibration were made around the circumference of the mod-
el to define the modes of lobar vibration. The dotted curves in Figures 15 to 17 represent

Initial Buige
(Shell between
Frames 2ond 3)

Initial ‘Bulge
(Shell between |
Frames 2ond 3) '

-]
" \G
Thearetical Curve

Theoretical Curve
~--== Approximate Relotive Amplitudes = ~—~--=- Approximate Relative Amplitudes
from Experiment

from Experiment

Figure 15 - Theoretical and Experimental Figwe 16 - Theoretical and Experimental
Relative Radial Amplitudes of Lobar Relative Radial Amplitudes of Lobar
Vibration, ¢ = 3 Mode, for Mode! DR201 Vibration, ¢ = 4 Mode, for Model DR201

The relative amplitudes are ahown in relation to

The relative amplitudes are shown in relation to
gage orientation and location of vibration generator.

gage orientation and location of vibration generator.

Inihal Bulge
( Shell between
Frames 2 ond 3)

Figure 17 - Theoretical and Experimental
Relative Radial Amplitudes of Lobar
Vibration, ¢ = 5 Mode, for Model DR201

The relative amplitudes are ahown in relation to
gage Orientation and location of vibration generator.

i*5 / ’
. o*
Thearetical Curve

—----= Approximate Relotive Amplitudes
fram Experiment
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the results of these surveys for { = 3, 4, and § modes of excitation, while the soiid lines show
the theoretical amplitude distribution with reference to tho orientation of the vibration genes-
ators and stzain gages. It is noted that the experimental lobar-mode shapes around a circum-
ference approximate those predicted by thin-ring theory except that the nodal points are
shifted slightly and are not exactly equidistant., These discrepancies are probably due to the
effects of added mass of vibration generators and experimental errors in locating exact nodal
points. The mode shapes of lobar vibration are also reflected by the measured dynamic
strains. Table 5 gives the ratios of measured strains (Gage 1/Gage 2, Gage 2/Gage 8, etc.)
at ¢ = 8, 4, and 5 modes for three different pressure increments and compares these ratios
with those predicted by thin-ring theory. In order to make this comparison, it is necessary to
obtain theoretical ratios of moment at each gage location with reference to the observed peak
amplitude in closest proximity to the point at which the force was appliod (Figures 15 to 17)
by assuming that moment distzibution is given by cos i (6, + ¢;) where 6, is the angular
distance from Vibration Generator 1 to Gage n and ¢; is the distance between experimentally
observed maximum amplitude and theoretical maximum at point of application of driving force.
The comparison is very good considering that experimental nodes are not exactly equidistant
and that location of the reference maximum is subject to experimental error of ¥ 3 deg.

In addition this comparison serves to indicate that hydroste‘ic prossuce does not significantly
alter the mode shape.

TABLE b

Comparison of Experimental ard Theoretical Relative Values of Dynamic
Circunaferential Strains for Various Lobar Modes, Model DR201

P

Relative Values of Strain
age 1] Gage 2 | Gage 3 | Gage 4
Gage 2| Gage 3 |Gage 4 | Gage 5
Experimental Lobar Mode ¢ = 3

at250 psi | 1.1 1.0 0.5 1

at 365 psi 14 0.9 0.5 1

at 450 psi 1.1 1.1 0.4 1.4
1

Theoretical 1.7 1.0 0.4
Experimental Lobar Mode ¢ = 4

at 250 psi 2.2 1.0 0.4 0.9
at 365 psi 2.0 0.9 0.4 1.0
at 450 psi 1.8 0.9 0.5

Theotetical 1.6 1.0 0.6 1.0

Elmli“nhl Lobar Mode ¢ =5
at 250 psi 19 0.9 1.0 8
at 365 psi 1.4 1.0 0.9 3.2
at 450 psi 1 09 0.9 2.7
Theotetical 1.8 1.0 0.9 3.5
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The observed cyclic variation in dynamic strain sensitivity with hydrostatic pressure
shown in Figure 11 is not compatible with that which would be expected. Ordinarily, it would
be presupposed from elementary theory that the dynamic bending strains per unit applied forco
would steadily increase as hydrostatic pressure is applied.* In reviewing the possible causes
for this inconsistency, it was noted that by touching the test tank during the test a small
amount of vibration was detected. This transmission of the model vibration through the ser-
rated clamping flange to the test tank indicates that some of the energy was being dissipated
because of the coupling action. In order to avoid possible effects of end constraint and asso-
ciated coupling action, future tests of models of similar geometry will be conducted in the re-
cently constructed 8-ft diameter tank, and the model will not be mechanically attached to the
tank. An additional difficulty was encountered during the test which would affect the value
obtained for dynamic strain sensitivity coefficient. Owing to the small amount of damping
in the test structure, it was very difficult to obtain data at the very peak of the resonance
curve for each mode. Any slight variation in the point on the resonance cwve at which data
were taken from one increment of loauding to the next would produce an appreciable variation
in the developed strain. In order to minimize this effect, the f;equency was varied quite
slowly near resonance, and recordings were made only when simultaneous observation of dy-
namic strain was a maximum and armature current (force) of monitored undistorted sinusoidal

wave form was a minimum.

COMPARISON OF OBSERVED AND COMPUTED RESONANCE FREQUENCIES

An exact mathematical analysis has &= yet not been generally accepted for the lobar
vibrations of stiffened cylindrical shells with end bulkheads. Work on this subject is current-
ly being conducted at Columbia University uude- Contract Nonr 266(08) by Bleich!®:1! and
at Harvard University by Junger.!2 Correlation of the experimental frequencies can also be
obtained by considering the stiffened shell analogous to a collection of identical rings pro-
vided with elastic support by the shell.3 A complete theory for purposes of submarine design
should make possible computation of the resonance frequencies of a stiffened cylindrical
shell in air, in water at atmospheric pressure, and in water with hydrostatic loading. In addi-
tion, it should make possible calculation of displacements and bending moments for arbitcary
loadings of steady-state or tre.asient nature under the above conditions. A brief discussion
of the comparison of available theory with experiment will serve to indicate current progress
in this direction.

*Thia can he ahown by considering the elementary cave of s pin-connected beam aubjected to a combined
azial and latsral force as discusaed by Timoshenko. The expresaions for maximum lateral deflection and bend-
ing moment contain two factors; the first repesenta deflection or bending moment caused by the l«teral load
alone while the second is a ‘'magnification factor’’ representing the action of the axial forca., For a vary small
axial force, tha magnification factor is near unity, but as the axial force ia increased the deflection and bending
moment increase untl]l ultimately at the critical load they increase without limit

CONFIDENTIAL




CONFIDENTIAL #8

Results of theoretical correlation of the experimental frequencies obtained by consider-
ing the stiffened shell analogous to a collection of identical rings povided with elastic sup-
port by the shell are shown in Table 6 for the model in air and also when surrounded by water
at atmospheric pressure. These results indicate that such an analogy is possible for the par-
ticula: model geometry in question by assuming only radial elastic support. A similar corre-
lation was attempted assuming combined radial and tangential elastic support but was not ap-
plicable since small negative values of tangential support were required to satisfy experimen-
tal observations. The introduction of a negative value for elastic support would imply that
energy was being fed into the system by the elastic support, which is impossible. It is inter-
esting to note, however, that the assumption of tangential support gives a higher value for the
resonance frequency at ¢ = 2 mode than at ¢ = 8. Phenomena of this type roted in other tests
have been regarded as a higher-order response because the second and higher ¢ = 2 mode has
always exhibited a weaker response toa given driving force. On the basis of observations
made during these tests, in particular the inability to excite an i = 2 mode with the model
mounted in the test tank, it appears that the additional but apparently secondary modes of re-
sponse should be studied carefully in the future.

TABLE 6

Comparison of Experimental Frequencies of Lobar Vibration of Model DR201
in Air and in Water witk Test Ends Attached with Frequencies
Computed for an Elastically Supported Ring

Frequency, cps

First Second Third Fourth Fifth
Flexural |Flexural |Flexural | Flexural | Flexural
Mode Mode Mode Mode Mode
t=2 i=3 t=4 t=5 t=6

In Air
Computed® 365 438 574 790 1080
Experimental 365 440 580 790 1020
In Water, atmospheric pressure
Computed®® 204 250 339 480 662
Experimental - 250 330 480 .

of =3.35 x10% n =626 x10% {=0
ool = 1.304 x 10%, p =191 x 104, { = 0.
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The theoretical frequency equation for the vibration of & ring with elastic support in
air employed in the precading correlation is?

+2 *2\2 2
pi2_l(1-t) f* s n+ 1 C [1]
1+42 1+142 1+42

where £, n, and { are lumped constants

is the resonance frequency in radians per second corresponding to an integer t,

is an integer designating the mode of vibration,

is the radius of the ring in inches,

is the cross-sectional area of the ring in inches?,

is the moment of inertia of cross section of the ring about the z-z axis in inches*,
is the assumed modulus of radial elastic support in pounds per inch per inch,

is the assumed modulus of tangential elastic support in pounds per inch per inch,
is the modulus of elasticity in pounds per square inch,

is the weight density in pounds per cubic inch,and

is the acceleration due to gravity, 386 in/sec?.

LI I B N AP B

The values for the lumped constants of £ = 3.85 x 10* and n = 626 x 104 ip air, and
¢ = 1,804 x 104 and 5 =~ 191 x 104 in water used for correlation are obtained by simultaneously
solving the frequency equation at i = 2 and § = 5, and at ¢ = 3 and i = 5, respectively, using
the experimental frequencies obtained for these modes assuming radial support only. At the
present time it is not possible to compute the lumped coefficients indopendently.

An additional comparison between measured and computed resonance frequencies based
on Bleich’s analysis can also be made. However, it should be noted that any numerical com-
putations made with this method are tentative and may be subject to revision upon publication
of the completed analysis of the problem. The calcuiated results for the resonance frequen-
cies of the lobar modes for the model in air are given in Table 7 for the case where the radial
motion varies sinusoidally between bulkheads, L p= 2R, and for the case of three identical
sections attached together having a variation in radial amplitude varying sinusoidally between
the end bulkheads of the outermost sections,'l. 3= 6R. This computation indicates that the
higher modes, i = 4 and ¢ = 5, are associated with the L, = 2 R configuration while the lower
frequencies correspond more closely to the L p= 6R configuration. Although the model tested
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TABLE 7

Comparison of Experimental Frequencies of Lobar Vibration of Model CR201
in Air with Those Computed by Bleich Theory

Frequency, cps

First Second Third Fourth Fifth
Flexural | Flexural | Flexural | Flexural | Flexural
Mode Mode Mode WMode Mode
t=2 t=3 t=4 i=5 t=6
Experimental 365 440 580 790 1020
Bleich, L, =2R 788 508 547° 755 1249

Bleich, L, =6R| 197 | 391 | es2 | %7 | un

*The underlined computed valuea give closert sgreement with the
umdmunl ~alues.

comprises only one section, l‘b =« 2R, the above correlation might be possible if the radial
motion for the experimental { = 2 and ¢ = 3 modes were not zero at the bulkheads. A more com-
plete comparison could be made by testing a model comgrising three sections atiached to-
gother. The underlized computed values in Table 7 based on the above observations give
closest agreement with experiment. From this correlation it would appear that the Bleich the-
ory is of value in roughly estimating the resonance frequencies of lobar vibration of a stiffened
cylindrical shell of the given model geometry. It is expected that the ¢+ = 2 camparison might
bave been better if the closed end bulkhead and serrated mounting flange, not taken into ac-
count in the computation, had not been attached to the model. In this connection, part of the
current research on this problem at the Taylor Model Basin includes the determination of the
resonance frequencies of lobar vibration of various models being constructed for rasearch on
the static strength of submarines, before and after test ends are attached. It is intended that

these experimental results will serve to evaluate better the utility of the above theory.
Owing to virtual-mass effects of water surrounding the model, the observed resonance

frequencies in water are only approximately 60 percent as large as the previously discussed
experimental resonance frequencies in air. A slight variation in this percentage, from about
57 percent at i = 8 to 81 percent at ¢ = B, is noted for the various modes.

If the theoretical virtual mass Am is considered to be the amount by which the effec-
tive mass of the model is increased in water, then the relationship between the frequencies in

air and in water is

1+

!
Piu! = ?u’(—"“) 2]
8
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where

Am=ry, 2‘. (see Reference 11) [2a])
i°+1

o, [2b)

and p, is the natural circular frequency in air,

?4,, 18 the natural circular frequency in water,

i is an integer designating the mode of lobar vibration,

Ys 18 the volume density of steel, -

Y. 18 the volume density of water,

r is the radius of the cylinder, and

A  is the thickness of the shell. :
The ratio A m/m, can be considered equivalent to twice the ratio of the mass of the volume
of water displaced by a unit length of shell to the mass of ths shell involved multiplied by a
mode shape factor i/(i3+ 1) and in this case is equivalent to 11,05 i/(i2+ 1), Evaluating
the ratio of the frequency in water to the frequency in air,

K:=Y/——1
Vg

gives the following values for K for the various mode shapes:

i K;

0.426
0.475
0.527
0.566
0.599

D R 00D

This indicates that the frequencies in water are 42.5 percent as large as the frequencies in
air at ¢ = 2 and 56.6 percent at ; = 5. In comparison with experimental values, the theoretical
virtual-mass cotrection lowers the frequency 10 percent more than that observed at i = 3 and
4 percent lower than observed at i = 5. Both experiment and theory indicate that the effect
of virtual mass is greater at the higher modes than at the lower mode=. The discrepancy ob-
served botween theory and experiment may possibly be attributed to the fact that the model
was not suspended in an infinite fluid medium,

In addition to effects of virtual mass of surrounding water on the resonance frequen-
cies, it is noted from the experimental results, Figure 12, that an increase in hydrostatic pres-
sure causes a further decrease in the resonance frequencies. It has heen shown by Kennard
that the analogous {requency equation for an elastically supported ring in air, taking into ac-
count the presence of unifofm pressure on outside surface, becomes:
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2, 2 9IEL 2 . _1 -
4 oA Ay[ (t 1)+k gx, (t 1)] (8]

ok o4 3

where P, = bP (1b/in, of circumference) or hydrostatic pressure times ring width. If the the-

oretical cor:ectxon for virtual mass of surrounding water given in the preceding discussion is

applied to this equation, the frequency equation for the elastically supported ring surrounded
by water around the outer periphery and including the effects of external hydrostatic pressure
becomes, for m = 0 (no tangential support):

2 Pb
2 . & : (i2—1)2+ __.9(3-1 ] (4]
P e Put [5 " Ayr ;
yh

Substituting in the above the values of £ =~ 8.35 x 104 and » = 626 x 10* in air, determined
previously, and assuming the hydrostatic loading effective over one frame space, the dotted
curves paralleling the experimental curves in Figure 12 are obtained.* The correlation shown
between theory and experiment for the effect of hydrostatic pressure on the resonance frequen-
cies is excellent. The frequencies computed above are lower than those observed because of
the previously mentioned difference between theoretical and experimental virtual-mass effects.

CONCLUSIONS

From the results presented, the following observations and deductions can be drawn:

1. The occurrence of an initial shell bulge in Model DR201 at 425 psi well in advance of
final collapse pressure (495 psi) is attributed to the presence of lobar vibration during hydro-
static test. .

2. The observed difference between final collapse pressures for Models DR201 and DR202
{495- 515 psi) while small is due to lobar vibration of Model DR201. If both models had been
consteucted of shell maierial having the same yield strength, Model DR202 would have failed
at a higher hydrostatic pressure and the difference would have been more marked.

8. The failure (shell yield) at a lower pressure for the vibrated mode! can be explained by
superposition of dynamic stresses upon hydrostatic stresses such that the sum equals the
yield of the material based on uniaxial strain measurements.

4. The frequencies of vibration in air may be computed empirically from the vquations of
an elastically supported ring and may be approximately determined for the higher modes by the
analytic method of Bleich.

oIt is noted here from Equation [4] that the effect of the hydrostatic presswre on the {requency would be more
evident i Elg/;lyr‘ or fm smaller; this would be the cese If the stiffening rings were smaller, Le., If fail-
ure would occur by general instability.
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5. Due to virtual-mass effects of water surrounding the model, the observed resonance
frequencies in water are only approximately 60 percent as large as the frequencies in air.
The theoretical reduction in resonance frequencias can be computed from virtual-mass effects
in water, Equation (2], and varies from 42.5 percent at ¢ = 2 to 59.9 percent at i = 6.

6. The observed frequercies of lobar vibration decrease with an increase of hydrostatic
pressure. The amount by which these frequencies are lowerad due to hydrostatic pressure may
be obtained from Equation (4], which incorporates the theoretical effects of virtual mass and
hydrostatic pressure into the frequency equation of an elastically supported ring.

7. Under combined loading, the amplitude of vibration of the model for a constant driving
force increased as hydrostatic pressure was applied up to 250 psi but above this, pressure de-
creased and followed a cyclic path. From comparison with elementary theory it was shown
that the amplitude should have steadily increased as the pressure was applied. The observed
behavior was attributed to a coupling action batween the model and the pressure tank. Future
tests of this nature should be made with a model completely free from the tank itself and of
small diameter compared with the tank, such as a 27-in.-diameter model freely supported in
the recently constructed TMB 8-ft.diameter tank.
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APPENDIX

The circularity charts for Model DR201, Figures 18 through 30, show the initial circu-
larity plotted as solid lines and the final circularity after collapse as dotted lines on polar
ocoordinates. Readings were taken avery 10 deg around ths circumference except at damaged
locations where they were taken at 5-deg intervals, Statious [.:- -eadings were selected at
each frame and bulkhead location and midway between these locations.

Figures 18-30 - Transverse Contours for Model DR201 Showing Initial
Circularity and Final Deflections after Collapse

Initial Circularity
o o= - =Final Clirculsrity

Figure 18 - Station 1, Bulkhead 1
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Figure 19 - Station 2, Between Bulkhead 1 Figure 20 - Station 3, Frame 1
and Frame 1
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Figure 21 - Station 4, Between Frame 1 Figure 22 - Station 5, Frame 2

and Frume 2
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Figure 28 - Station 6, Between Frame 2 Figure 24 - Station 7, Frame 3

and Frame 8

Figure 25 - Station 8, Between Frame 3 Figure 26 - Station 9, Frame 4

and Frame ¢
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Figure 29 - Station 12, Between Frame 5 Figure 30 - Station 13, Bulkhead 2
and Bulkhead 2
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