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ABSTRACT

The motions and longitudinal hull bending moments which ships of the
ESSEX Class may be expected to experience over a wide range of operating
conditions are presented in statistical form. The data are based on extensive
measurements made on USS VALLEY FORGE (CVS45) and USS ESSEX (CVA9),

From the test results, data are derived for this type of ship for use in
design and operating problems involving bending moments and ship motions.
Formulas are given fcr use in estimating probable extreme values of moments
and motions.

INTRODUCTION

The David Taylor Model Basin is conducuing a long-range investigation of the strains
in ships at sea! for the purpose of evaluating and improving methods for the design of ship
girders and structural components. Instruments have been developed and installed on varitus
types of ships to collect information on the wave loads, stresses, and motions which ships
experience in service. For more complete background and discussion of this program see
References 2 and 3.

Motions and stresses measured on three essentially similar aircraft carriers are
analyzed in this report.* USS ESSEX (CVA9) and USS ORISKANY (CVA 34) are conversions
of the basic ESSEX Class (World War II variety); USS VALLEY FORGE (CVS 45) is an un-
converted carrier of this same class. The salient characteriatics of the conversion that affect
hull form and weight distribution~those factors that have primary effect on bending moments—
are the addition of blisters throughout the midportion of the ship and a modest (10-percent)
increase in full-load displacement. Data were obtained on VALLEY FORGE** in the Atlantic
Ocean from September 1955 to April 1957, on ESSEX during a passage around Cape Horn in
July 1957,4 and on ORISKANY during a rough passage around Cape Horn in June 1952,

Oscillographic recordings were made of variations of roll and pitch angle, heave
accelerations (at the center of gravity of the ship), and hull strains as the ship responded to
wave-induced loads. From these the following information is specified for ESSEX-Class
carriers:

lReferences are listed on page 34,
*No strains were measwed on ORISKANY,

*sThese data were obtained dwring joint operations with USS C.8, SPERRY (DD 697); the SPERRY tests will
be reported at a later date.
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a. Average, mean square, and expected maximum values of hull stresses* and motions
for various operating conditions (sea state, speed, and heading).

b. The predicted extreme values of longitudinal bending moment and motions expected
during the operating life of the ship.

¢. The frequency distributions of stresses and ship motions.

TEST INSTALLATION AND TEST RESULTS

Most of the data utilized in this report were measured on VALLEY FORGE. However,
the most severe hull stresses and motions experienced by ESSEX and ORISKANY are used
whenever they are larger than those observed on VALLEY FORGE.

Hull stresses were measured by SR-4 strain gages installed at the main deck and keel
amidship on VALLEY FORGE. The roll and pitch angles were measured by a stable element,
and the heave acceleration was measured by a Schaevitz accelerometer located near the center
of gravity, The locations of the gages are shown in Figure 1, The measurements were re- .
corded on a TMB automatic statistical recorder, The five channels of this instrument were
utilized as follows: Channel 1 recorded the heave acceleration; Channels 2 and 3 recorded
the longitudinal strain from gages located on the keel and main deck, respectively; and
Channels 4 and 5 recorded the pitch and roll angles, respectively. Typical oscillograms are
shown in Apendix A. In order to observe the relative magnitude of the stresses induced by
transverse and longitudinal bending, strains on the port and starboard side of the main deck
were recorded on a Sanborn oscillograph.

All the data on VALLEY FORGE were obtained in the course of the normal assigned
operations. Measurements were made whenever operating conditions were encountered for
which data had not been obtained previously.

Wave heights and wave directions for the VALLEY FORGE testa were determined by
twq methods. Estimates made by trained observers from the ship’'s aerology unit were aver-
aged, and stereophotographs of the sea surface taken by cameras mounted on the island struc-
ture were analyzed by the U.S. Hydrographic Office. Comparison of data from these two sources
indicates that the observers made reliable estimates of characteristic wave heights.”“ During
the ESSEX tests wave heights were measured with the wave height recorder developed by
M.J. Tucker in Britain,

The sea conditions assumed in the calculations are those for the North Atlantic Ocean
inasmuch as they probably represent the more severe continuous operating conditions that a

*Al]l stresses given in this report were computed from measured strains., The hull bending moments are
deduced from the strain measurements and the calculated section modulus appliceble to the strain-gage location,

**The characteristic wave height is the average of the highest waves observed in each of a number of groups
of waves.
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The characteristics of the ship are: Length between perpendiculars, 820 ft;
Beam, 92 ft; Draft, 29 ft; Displacement (full load), 41,500 tons.
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Figure 1b — Section Near Midship L.ooking Forward

The midship section moment of inertia is 3.96 X lo6 ltz-ln‘2 according to BuShips (Code 442) calculations dated
2 Oct $6. This value applies to the unconverted CVS4S hull,

Strain gages 2, 4 measwre strain in the port and starboard outboard longitudinals at the nsutral axis of the
plate-stiffener combination. These gages are located 23.85 ft above the neutral axis.

Strain gage 1 measures the longitudinal stress in the deck plate (dyadic stress gage). This gage is located
23,97 ft above the neutral axis.

Strain gages 3, port and starboard, are arranged to read strains dus to longitudinal hull bending. These gages
are located 23.76 ft above the neutral axis.

Strain gage S measures the longitidinal strain at the approximate location of the neutral axis of the.
keel-inner bottom structure,

Figure 1 — Location of Instruments on USS VALLEY FORGE (CVS 45)
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ship will experience. The probable speeds and headings at which these ships would be ex-
pected to operate under wartime conditions and the fraction of time the ships would spend at
each of the various conditions were estimated by the commanding officers of a number of ships
of the ESSEX Class. This information is given in Table 2 of Reference 6.

All recorded strain and motion data were classified according to appropriate ranges of
ship speed, wave height, and ship’s course relative to the wave direction.* Statistical methods
were used to determine the ship’s response in terms of mean square values and maximum meas-
ured values for a wide variety of operating conditions; see Table 1. s

The relative magnitudes of the hull stresses induced by longitudinal and transverse
bending are given in Appendix B, Stresses measured on the deck plating and on the adjacent
longitudinal stiffener at the outboard edge of the main deck are compared in Appendix C.

Local bending stresses were small in this area.

STATISTICAL BACKGROUND

Wave heights, ship motions, and hull bending moments experxenced under a glven set
of conditions can be described in terms of their distribution functions. It has been shown’
that the applicable distribution functions are approximated by the Rayleigh distribution for a
given set of steady operating conditions (sea state, ship speed, ahd heading) and by log-norma.l
distributions if the operating conditions are allowed to vary over a w1de range, such as would
occur over a typical year,

The Rayleigh distribution of a variable z is defined by t.he single parameter £, the mean
square value of z; i.e., £ = z’. The log-normal distribution of z is defined by two parameters:
the mean value of log z and the variance of log 2. The statistical methods utilized here are
discussed in References 7 and 8. ;

For illustrative purposes, consider one of the variables; for example, pitch angle, All
pitch angles (peak to peak) are considered to be members of a statistical ‘‘population.’” The
distribution indicates the relative probability p(z) of encountering a pitéh angle of the magni-
tude 2. Figure 2 illustrates this distribution function, The area under the curve of Figure 2a
up to a value z, is the fraction P of all members of the population which have values less than
2, Therefore t,he probablh g' of exceeding the value z; is 100 (1 -~ P) percent, For the Rayleigh
distribution P(z) = 1 - /E,

Both the Rayleigh (Figure, 2) and log-normal distributions (Figures 8 through 6) can be
represented by straight lines when plotted on special graph paper. Inasmuch as the Rayleigh .
distribution is applicable to a given combination of sea, speed, and heading, it will be called
the ‘*short-term’’ distribution whereas the log-normal distribution will be designated the {
““long-term'’ distribution,

o]t was often difficult to define the sea and the direction of the ship relative to the sea. The description
given is the best that could be made.
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TABLE 1

Basic Statistical Data for ESSEX-Class Carriers
All data are for VALLEY FORGE except where noted otherwise.
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wé"':s:?'dics;;ie:: Characteristic Wave Height, ft Wind and Wave Data |
Sea Swell ”
" en: @ —— w £, 12
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0-4 20-25 k)| H-100 25 kR 3 2.8 45 035-040 5.2 9.2 8-18 0.0
4-6 15-20 19 E-07 20 6.5 6 60 | 59 040-060 000 9.3 | 18.0 10-31 . 0.0
46 20-25 13 E-064 | 25 6.9 3 6.1 69 009-013 - 316-319 15.8 16.0 920 0.0
68 510 60 10 1 1.0 334-341 - 333-340 824 0.0
68 10-15 22 F362 | 10 9.2 ¢ | 66 6.3 304 333 15.9 200 | 1532 0.0
(2] 10-15 23 F-365 12 1.7 8.2 1 1.0 040 050-070 153 | 200 15-32 0.0
68 1018 | 9 - D-085 " 4.2 5 6.2 ] 54| t 033-043t | 6.1 10.4 2-29 0.0
68 10-15 10 0122 | 15 - 6.2 1 8.0} 65 040-050 9.9 | 120 310 0.0
| 68 20-25 16 E-062 20 1.2 3 6.1 1.1 020 350-000 118 16.0 11-30 0.0
815 | 510 L] 3035 8 125 | 16.5 3 12,7 | 1.2 I kx]] 2.4 | 400 24-54 0.0
)5 | Slof W L ] 4 9.0 - 321-32 311-318 2329 0.0
315 510 $ 8 . 2 9.0 349-355 347-354 2333 0.0
815 | 10-15 1) 10 | 160 025
815 15-20 H) C-500 | 18 [ %] 3 88| N8 t 330¢ nW3| 320 18-19 0.0
> 15 0] 73 10 " 15.0 260 0.0
>15 510 | 78° 10 20 300 ‘ 0.0
>15 510 | T9A* | B/
>15 | s10| 1 'L




se.

Wind and Wave Data ‘ Response of Ship to Se
, . Heave Strain, Main Deck Amidships |
) £t 2 . . i -

Heading of Mean Square | Wind Velocity ® T 8|s €& B & S |s -
Swell Relgative Wave Height | for § Hous | N*. e R 2 tﬁ «g ; ; - | E § . 2 % % ; &
i to Ship From | From Preceding Test = E 2 s § -2 o -_§ € s lglsl|s g .2 £ TS ale w 2 e 2| E & HERRS ez

- 83 E.|lge2 |52 |esS| 5 |2[8] 753 SclgesZ|®s8|es= |8 |5(8| s2%
deg Stereo | Wind knots =4 53(25% (28|22 | B2 (2|22 5 |88 (28% scBlesy|E5L|SI2] 358
Data | Data S (=S8 |fE5|Efe | EE |55 |T 28 |eic|sfelEER T 5
: ] S8 Efe[2S=|238 | S8 « |uwE= [TE|ES z>£ |28 |a>8| =~ Ay ¥-1
Head Seas
325-335 6| 92 818 0.00037tt | 480 | 0.057 80 0.040 0.026t+ | 360 | o0.42 80 0.40 0.0038 44
35525 104 | 200 12-30 0.000023tt | 530 | 0.011% 315 0.015 0.0265t1 | 720 | 0.425 20 0.40 0.000321¢
355-345 125 | 20 1421 | 0.00090t+ [ 480 | 0.075 n? 0.065 0.73 420 | 200 | 98 2.00 183 | 092 | 0224t
000 9.3 | 18.0 10-31 0.003. 478 1 0.140 25 015 | 0.3 0.87 | 0.69 463 | 2.06 239 2.03 1.9¢ | 096 | 016t
316-319 15.8 | 16.0 9-20 0.0073 600 0.210 n 0.210 0.20 095 | 4.38 696 5.31 325 470 5.04 1.07 | 0.39+¢
005-015 119 | 320 16-33 0.000041t | 480 | 0.016 240 0.015 0.060 602 | 0.2 301 0.5¢ 0.58 | 1.08 | 0.0078t1
332-340 8-26 £.00070 S64 | 0.042 13 0.066 | 0,058 | 087 | 0.57 566 | 1.9 13 2.00 .65 | 0.83 { 0.102
8-26 0.00060 565 | 0.062 | 254 0.063 | 0.058 | 0.92 | 048 600 | LIS 260 1.65 1.63 | 098 | o.18
12| 3.0 17-30 0.00099 529 | 0.079 u1 0.020 | 0.7 1.0 ] 053 | 491 | 181 13l 1.85 161 | 087 [ 01664t
117] 29 2430 000124t | 515 | o0.086 { 206 0.080 0.67 515 | 2.05 | 206 2.30 188 | o2 | o154t
350-000 18] 160 11-30 0.0020¢¢ [St0 | o016 | 170 0.10 234t | 150 | 3.9 250 3.65 0.035+4
318-358 20| 300 14-20 0.0000305¢1| 600 | 0.0 19 | o0.040 | .01t | 780 | 0.2 250 0.75 0,019+
350-000 58.8 | 48.0 30-40 0.0061 404 0.200 404 0.21 0.19 090 | 3.72 TR ] W 50 | 76 | 105 | 146
342-350 23-33 0.0019tt | 406 0.110 210 0.10 2.05 "us 3.62 230 3.68 334 0.91 | 0.8
346354 2333 0.0013 479 | 0,089 319 0.08 | o087 | 1.01 | 110 483 | 2.6 322 .15 251 | 092 | 031
353-0011 2228 0.0014 488 0.093 323 0.099 | 0.09 091 | 133 @ | 2.9 326. 2.65 2.78 1.05 { 0.26
020 215 ] 4.0 22-93 .0041 418 0.248 349 0,180 0.16. 0.89 { 10.87 389 8.03 324 1.50 7.90 ‘ 1.05 2:04
019 5| 40 3654 | 0.0061 46 | 0.200 381 0.200 | 0.22 1.10 | 16.55 362 | 9.88 332 9.80 9.80 | 1.00 | 4.7
usas6 | 107 280 1619 00013 el | e | 2| 0H
4 . . 1 o0 4 0.107 n 0.090 :
349-356 22.28 coossstt | 600 | o1sr | 280 | ones | G| M SZ:gn ::g ;:g g: ;% el B g:i:n
0.0075 400 0.212 200 0.24 0.20 0.83 | 26.18 360 | 12.92 180 12.20 1200 | 099 | 972
0.0138 338 | o025 169 0.22 0.27 1.23 ‘ LR
Quarter Head Seas
068 a1l 890 12217 1 o.o00s24¢ | s10 | o0.08 0 0.055 0.2 ;

325-335 | 92 818 | oooo3rtt |4s0 | 0057 | 80 0.040 o.ofszn §£§ ‘ “35 323 ;;: Lo 33331%
035-040 52| 92 | sl 0.00023tt | 384 | 0.015 8 0.010 0.0514¢¢ [ 500 | o.s60 108 040 | - 0.0063t
000 93| 100 10-31 00033 |a7¢ | om0 | 25 | 015 | gu3 | o7 | 069 6 | 206 | 29 | 208 1ot | 09 | 0160
316319 158 160 920 0.0073 600 | 0.210 m 0.210 | 20 | o095 | 38 69 | s.31 s 10 sot | 107 | o001t

333.340 s | 00012 499 | o086 | 208 | 0089 | gos | o090 | 0.5 as | 20 19 | 208 15 | 0% | oun
333 159 200 | 1532 0.00201t | 495 | m10 403 0.110 L1 s | 266 03 3.25 266 | om | o201
050-070 153 ] 200 1532 0.0015 or | 009 331 0.006 | o093 | 108 | 121 16 | 268 n 2.65 276 | 1o | o3t
0330434 [ 61] 104 229 0.0037 360 | oMo § 276 b o010 | o4 | 100 | 131 8 | 2.0 ® | s an | os | osl0
040-050 09| 120 310 0.007¢1 | 483 | 0170 7 0.170 162 w | o w7 151 311 | o | o3
350000 | 118} 160 11-30 0.0020 +1 510 0.110 170 0.10 2314t 750 3'91 250 3'55‘ ) ) o.ossn
kX1 294 0.0 | 2454 0.0066 k17 0.200 404 0.180 0.20 111 | s.s8 396 5';7 415 5'” 5.80 1.07 1.510
A | 23-29 0.0079¢¢ | 457 | 0.210 61 0.8 | 12501t | 465 | 278 2 2.26 ’ ) L4704
11354 233 00005 | 4ss [ oaso | 203 | 030 | on¢ | 1os| 16e0 | e0 | 3.2 199 | a2 299 | 033 | o6
330¢ 3| ne 18-19 0.0031 S14 | 0.140 137 | 010 | g2 0.06 ‘;'12 32: ::: ';: m 2':8 33: 0.270
0.00695 |48 | o0 | 214 | 0209 | 19 | 92| 9se6 | 3%0 | 760 s | e | 70| w07 | e
0.00831t | 360 | 0.2 39 0.21 ! ) ) ’ 7.6
128 g
128 |




Response of Ship to Sea

I

, Strain, Main Deck Amidships Pitch . Roll
.0 -
F F; E; 3 g Tl :

- - e x| £ - s | H(x 3 £ . < ; .
Ee $co ‘E‘»gu.ig o3| 5§ Se 8 2SS | S|E| =8 g 5o 25 | 2§ /3
S alene |28 |scE(2|2] 352 |5 S |sge|228 1= |G|B| 38 |5 .| 35 |wee| 25| 2= | 2|3
TeS|o83|css|sEu|E|E| B2y (55| B (529|858 a s |Z|8| 28 | s5| = [SE2| T5 | ©= | E|E
S |EE Esg|EEE =% |35k (52| g |E35[5%¢% ES |=1%| 3 |22 23 225 25 | g5 | £IF

= = | ‘== ® = [~ 2 N - o - 2 - =2 T = =9 £
s (550|538 (555 & | <iE |m| Bz |2Re|EE5|sE | « | of || Es |EEc| 53 | i "

0.42 80 0.40 0.0038¢t | 360 | 0.150 80 0.125 0.240 221 1.3 3 140 .09 |- 078
0.425 | 420 0.40 0.00032¢1 | 280 | 0.042 140 0.040 0.0855+ | 240 0.68 140 0.65
2.10 98 2.00 183 | 0.92 | o221t 20 | L10 9. 1.00 0.33tt | 300 140 ) 1.20
2.06 239 2.03 1.9¢ | 096 | 0.16tt 300 | 0.96 155 1.00 1.90 240 1.30 124 13 3.00 0.92
5.31 325 470 5.00 | 107 | 0.394 696 | 1.57 325 1.50 1391t | 194 2.70 % 250
- 0.62 301 0.5¢ 058 | 1.08 | o.00%8tt | 360 | 0.215 180 0.20 0.280 228 115 ] 140 115 0.82
1.9 113 2.00 1.65 | 0.83 | 0.102 s21 | 0.80 104 0.63 0.69 | Ll | 0.22 521 L7 104 150 1.02 0.67
1.75 260 165 1.63 | 0.8 | 0.8 508 | 0.86 229 0.75 0.80 | 1.07 | 0.48 402 LN " 1.9 1.60 0.84
1.81 131 185 161 | o087 | o.estt | 491 | 1.00 131 0.90 0.25 u 121 9 0.90 1.06 1.18
2.05 206 2.30 109 | 0.82 | 0.15¢ 515 | 0.98 206 0.90 0.35 339 146 136 160 1.31 0.8
3.91 250 3.65 0,035t | 480 | 0.43 160 0.42 0.94tt | 210 22 0 2.00
0.82 250 0.75 0.019¢t | 600 | 0.35 1% 0.25 03261t | 388 130 123 125
.76 o 450 016 | 105 | 146 388 | 2.95 ans 3.10 290 | o9 | 1.83 1 3.25 321 4.60 3.20 0.70
3.62 230 3.68 330 | 091 | 0.0 28 | 2.20 221 2.05 2.08 | 1.02 | 051 406 L75 221 170 1.70 1.00
2.61 3 2.75 251 | 092 | 031 9 | 126 9 140 132 | 094 | 0.34 " 140 296 2.50 1.40 0.57
2.9 6. | 265 278 | 1.05 | 0.26 450 | 126 300 1.20 1.20 | 100 | 031 42 137 284 140 130 0.93
8.03 e 7.50 790 | 105 | 2.4 30 | 3.50 34 3.25 3.40 | bo4 | 129 kT 276 2 4.00 2.70 0.6
9.88 332 9.80 980 | 1.00 | 4m 1 | 5.26 322 5.65 523 | 093 | 1% 333 3.32 305 410 3.30 0.81
1.1 29 187 182 | 097 | 050 29 | 1n 1 187 1.65 | 0.8 | 5.80 225 5.60 19 5.80 5.52 0.9
5.68 315 5.35 0.481¢ W | L 238 1.62 o.ntt | 210 1.99 102 1.85
12.9 180 | 1220 | 1200 | 099 | 9.2 3% | 150 163 6.90 200 | 101 | 308 35 .30 m 6.00 4.06 0.68

- 8.132 328 | 690 164 5.40 640 | 1.20 |18.52¢4 | 260 | 10.0 2 9.5

1.19 306 115 113 | o098 | o.oestt | 275 | o509 [ 260 0.50 0.630 203 186 162 2.60 1.80 0.70
0.295 ) 0.25 | 0.0038%t | 360 | 0.150 60 0.125 0.340 22 L35 ) 140 1.09 0.78
0.560 | 109 0.4 0.00691t | 308 | o0.19 6 0.17 - 0.410 1% 145 a5 1.30 125 | 096
2.06 239 2.03 19¢ | o096 | 0160 300 | 0.960 155 1.00 1.9 0 3.30 124 3.30 3.02 0.92
5.31 325 .10 so¢ | 1.07 | 039t | 696 | 1580 | 325 1.50 13901t | 194 .70 9% 2.50
2.01 198 2.05 105 | 0% [ o | ers | L3so | 108 | 095 096 | 101 | 0.460 398 165 166 130 1.50 115
2.66 403 3.25 266 | 082 o2 | 495 | n200 | 403 1.20 : - 0.350 234 138 191 140 1.35 0.97
2.68 m 2.65 206 | 1.01 | oot | 495 | o430 | 313 | o2 0.400 404 1.5 202 140 1.40 1.00
2.8 291 3.35 a0 | o8 | 0610 335 | 188 m 2.08 1.83 | 0.8 | 0.760 303 2.08 221 2.30 2.03 0.5
ER Y 37 351 3.1 | o8 | 0% 20 | 145 Pre) 1.60 1.43] 0% | 0710 309 1.98 191 2.00 1.93 0.97
.91 250 3.66 0.035¢t | 480 | 0.43 160 0.42 | 0.940 210 2.24 7 2.00
5.77 s 5.39 5.80 | 107 | 1616 as | o3 n 3.50 3.09 | 089 | 3.92 295 4.7 30 4.60 .70 1.04
L W@ 2.26 Leott | es0 | 2.98 60 245 0.550tt | 450 1.83 ) 1.50
- 3.20 19 1.2 299 | 093 | 0.69 wo | 205 1% 2.5 192 | 0.5 | 0.400 465 157 200 170 1.50 0.8
045 " 9,00 080 | 098

1.0 ”» 2.10 .60 | 07| o2n0 m | s 9 140 112 | o0 | 250014 | 185 3.60 3 3.00
7.0 1% 6.60 0 | 107 | e022 0 | o8¢ 185 5.30 059 | 087 | 178 0] X 187 3.8 3.00 0.79

7.6 | 660 157 .00 620 | 1.03 | 6100 m | s 12 19.0 1.3 0.90
12.8 9.50
12.8 29 | 85 ) 1.50 000 | L0 l




TABLE 1 (~ontinued)

Estimates of
wé::s:?,?csaz::: Characteristic Wave Height, ft Wind and Wave Data
Sea ! Swell
“sn " w] 2 | % o £, 10 o
Wave ip Stereo ip Ll £ s 2] ¢ ) ) Mean Square | .. .
y Record S| 2e|.8| ®|%5 e | Headingof | Headingof | . - Wind Velocity s |
Height | Speed | - o | Photo (Soeed) Sl ZSUSEl _E1ZE | seaRelative |swell Relotive |28 M2 g aurs s
it knots Number tknots | ww | 0% |25 20| by toship | toSnip | From | From |Preceding Test s
. g5| 28|55 | 2s|{ZS Stereo | Wind >
o2l egl=3lsa|es deg deg Data | Data knots wd
<> 2 s> 22
bl | >l g
0-4 - 10-15 W] CE021 12 |. 5.6 7 3.7 45 075-095 5.3 5.2 9-20 0.0004
04 | 1520 29 [ : H-087 20 29 1 2.1 37 030-100 35 9.2 8-18 0.0001
0-4. 20-251 .28 .| - HO78 | 25 38 4 2.7 100-110 080-100 | 3.0 9.2 8-18 0.0000
0-4 20-25 | - 32 -H-100 | 25 35 3L 28| 45 265 255-265 5.2 9.2 2-13 0.0003
&6 1 1045 N7 .| 0-18 15 851 6 5.5 5.5 080-100 070 . 19.6 | 18.0 3-14 0.0038
4-6. 1520 | -20 . | . E-074 20 } 131 .3 5.9 6.5 160-180 080-098. 1L3 | 18.0 6-30 0.0017
4-6 2025 | 37 o073 25 4.3 2 431 -60 220-200 090-120 10.3 10.4 14-22 0.002¢
- 68 1015 | 27 G-150. 12 2 27 65| 1.1 082-0851 065-068 8.1 | 18.4 15-21 0.0037
. 68 1520 | 137 .} D-199 16| 1 65 J.} 69 6.3 072-083 89 160 15-26 - 0.003i
6-8 15-20 3 canf 200, 9.1 3 1.8 1.5 095 89 | 240 20-28 0.005¢
6-8 0251 17 |. E-064 | -25 6.9 3 6.1 69 225 225-235 15.8 | 16.0 6-30 0.0067
-8-15 5100 52 10| - 5 | 100 090 22-7 G.ovas
815| 510 | M. 10 9 " 110 | 110 0.002:
gis| 1s20] ° - C-500 18 6.3 3 88| 8.0 - 330 U3 | 320 1819 0.003:
0-4 1-15] 15 E-034 15" 5.0 7 2.3 115-125 135 8.9 5.2 8-12 0.000!
46 5:10 7 D-017 10 |- 2.8 3 45| A5 210 5.1 9.2 8-20
46 10-15 | 21 CFM | 12 48 5.8 4 o 5.l t 220-230t | 1.6 | 13.6 19-31 0.0004
46 10-15 | 63 12 ‘ 1 6.0 153-158 152-158 8-26 0.000:
46 15-20 8 0-017 18 2.8 3 | 4S5 - 040-044 5.1 3.2 10-31 0.0004
4-6 15-20 6 0-017 18 2.8 3 4.5 “ 206-226 5.1 9.2 | 3-17 0.000:
68 =101 35 | I-Ol4 10 6.4 3L 15| 79 213-273 223-233 22,0 | 30,0 13-30 0.000(
6-8 10-15 | 26 6-127 15 - 5.5 6 | 66 67 109-119 119 19.8 | 16.8 10-31 0.001!
6-8 15-20 68 - C-500 n 6.3 3 8.8 8.0 244 14.3 32.0 12-19 0.000¢
68 2025 | 17 E-064 25 | 6.9 3 6.1 6.9 255 225-235 158 ] 16.0 6-30 0.006:
6-8 2251 3 1-052 25 38 ] 5 1.1 6.0 225 205-255 9.7 | 18.4 22-35
815 | 1520 | 71 16 12 ) 220
815 1520 [ 75 16 11 11.0 210 0.002
8-15 | 20-25 | SO 25 3 9.0 225 214-222 22-29 0.000;
0-4 2025 { 33 H-155 25 6.0 6 36| 53 160-170 180-190 12.0 8.2 16-20 0.000;
45 1015 | 12 D-159 12 -1l 5 5.0 6.7 160 160 13.6 9.2 3-21 0.000(
46 10-15 | 63 12 1 6.0 153-158 152158 | 8-26 0.000!
. 6-8 0-5 Sb .5 2 8.0 m 29-32 0.0001
. 68 10-15 | 57 | 15 4 8.0 167t 157-177¢ 29-32 0.000:
4 6-8 1520 | 99 20 1 8.0 167 157-177 8-24 H
. 8-15 510 | S5 10 2 9.0 167 157-177 8- 0.0001
H 815 | 1015 ) 42 12 4 | 100 175-185 185-195 28-31 0.000(
% ! 815 | 1015 ] 76 15 13 13.0 190 ‘ ‘ 0.001¢
815 | 1520 | 48 20 4| 90 180-182 170-178 | 23-29 0.0004
é 15| 20-25 ) 49 25 ] 90 186 176-186 23-26 0.0004
*Records were obtained on ORISKANY, 1These sea conditions were well defined and nearly unidirectional. ?Values were neg
**Records were obtained on ESSEX. t1% is based on maximum measured value, ffFom the method ¢




Response of Ship ta

Wind and Wave Data Heave Strain, Main Deck Amidships
Ry "
£t w2 3 . 3 Y |33 | es |2 |3 z 5
; ) M‘ea*n*Square , S |E 22 3 SE (22| e8|z |E2 3 o |3 3 S e
of | Heading of | ;o q yoigny | Wind Velocity 58 |= <=3 |s2e|8¢ T2 |2fgl 223 | £ S e S 2 lecal sed B S8
iive Swell Relative for 8 Hours 82 |5zl 2% |s2¢8|ecso] =€ |22 285 2s|2Sals S8 [T es= (55|22
0 toShip | From | From | Preceding Test 592 >2l SE28 |£8s]1225| €8 (2|28 Ssg| 82|82 | E2g| 22285 S
Stereo | Wind nots >5 x5 28C |235c|=2¢8| €5 |7 g2S 23 (€3 £ =S| RRE |* 3 w S
t¢ | pata | Data “E | & a=s I53| 33 =283 |2 |8353|33] o
Beam Seas
075-095 53 | 5.2 9-20 0.0004tt | 444 0.051 370 0.50 - 0.330 44 [ 141 370 147 140 0.95 | 0.034
030-100 35 | 9.2 818 0.00016t+ | 609 0.032 250 0.030 L 0.072¢t | 600 | 0.68 250 0.63 }
0 080-100 3.0 | 9.2 8-18 0.000057t+ | 610 0.019 225 0.018 0.03761t | 446 | 0.48 164 0.438 0.008!
255-265 5.2 | 9.2 213 0.000381t | 540 0.049 595 0.05 0.1301+ | 390 | o0.88 430 0.88 0.060-
) 070 19.6 | 18.0 314 0.0038t+ | 420 0.150 350 0.15 0.660 434 [ 4.00 n 2.30 132 10.85 | 0.180
0 080-098 | 11.3 | 18.0 630 0.0017 524 0.130 253 0.130 0.098 | 075 | L270tt | 134 | 2.50 65 2.30 0.005(
) 0%0-120 | 10.3 | 10.4 u-22 0.00261t | 540 0.128 225 0.120 0.5%0 591 | 194 U6 1.8l 1.81 [ 1.00 { 0.190
5t 065068t | 8.1 | 18.4 15-21 0.003" Ty 0.109 n 0.150 0.13 0.87 | 0.490 a7 | L 364 175 170 | 097 | 0.040
072083 8.9 | 16.0 15-26 0.003ir; 450 0.138 375 0.140 0.900 97 | 236 415 2.70 233 | 0.86 | 0,096
095 8.9 | 240 20-28 0.0050 22 0.170 218 0.170 0.17 1.00 | 0.300 68 | L6 190 135 1.26 | 0.94 | 0.450-
25235 | 15.8 | 16.0 630 0.0067 484 0.210 202 0.190 0.19 1.00 | 2.630 s24 | 420 262 4.50 3.83 [ 0.85 | 0.340:
090 - Sousstt {436 0.240 73 0.200 L160tt | 472 | 2.68 19 2.25 0.830+
10 0.0022 | 398 0.115 199 0.127 0.11 0.87 | 2.788 320 | 4.03 160 4.05 77 093 {08712
330 4.3 |[32.0 1819 0.0031 514 0.140 137 0.140 0.12 0.86 [ 0.60 262 | 1.60 70 2.10 1.60 ] 0.76 | 0.270
Quarter Following Seas
5 135 8.9 | 5.2 812 0.000521t | 420 0.056 350 0.055 0.170 400 | 101 332 122 1.00. 10.82 | 0.043
210 5.1 | 9.2 8-20 0.160 203 | 0.9 88 0.95 0.86 | 0.91 | 0.0068
220-230t | 11.6 | 13.6 1931 0.000611+ | 480 0.061 240 0.060 0.630 374 | 1.93 187 1.80 1.80 | 100 | 0.1174
3 152-158 8-26 0.000124t | 450 0.027 0 0.026 0.442t1 | 300 | 157 160, 147 0.1404
040-044 5.1 ] 9.2 1031 0.00063t1 | 450 0.062 316 0.060 0.30tt | 135 | 1.30 9 L2 0.0515
206-226 5. | 9.2 %17 0000171t | 360 0.032 180 0.030 0.220 44 | 103 1 1.35 097 |0 t
3 23233 | 2.0 |30.0 13-30 0.00004211 | 485 0.016 216 0.015 0.150 395 | 0.92 178 L0 0.89 1083 | 0.040
] 119 19.8 | 16.8 1031 0.00150 | 468 0.096 234 0.11 0.091 | 0.83 | 0.530 406 | 178 203 2.10 1.68 | 0.80 | 0.1104
m 1.3 |32.0 1219 0.0004044 | 390 0.049 150 0.045 - 2.120tt | 208 | 3.36 80 3.05 0.3901
25235 | 158 | 16.0 6-30 0.0067 484 0.216 242 0.190 0.1 100 | 2.630 524 | 4.2 262 450 3.83 ] 0.8s | 0.340°
205-255 9.7 | 18.4 22-35 0.100 40 | 0.4 140 0.95 0.70 |om .
10.08
0.00254 | 422 0.136 21 0.165 0.12 0.73 | 6.498 268 | 6.05 134 6.40 s.64 |08 | 274
24222 2229 0.00076 | 510 0.043 220 0.069 0.064 | 033 | L470 251 | 288 109 3.50 2.60 ]0.75 | 0.260
Following Seas
) 180-190 | 12,0 | 9.2 1620 00001441 | 420 0.029 189 0.028 00431 | 420 | 0.51 189 0.475 0.0188
160 13.6 | 9.2 321 0.000039t1 | 420 0.0155 350 0.015 0.550 U8 | Ln 206 211 L72 | 081 { 0.017¢
] 152-158 8-26 0.00012¢¢ | 450 0.027 u 0.026 04424t | 300 | L7 160 147 0.140¢
n 29-32 0.00012 | 480 0.028 240 0.030 0.026 | 0.87 | 0,590 368 | 187 184 1.78 175 {098 | 0.170
1571771 29-32 0.0002211 | 480 0.037 240 0.038 0.380 360 | 150 180 1.50 140 | 094 | 0.070
152177 8- t 0.270tt | 240 | 122 10 1.00 0.054+
157-177 &2 0.000141t | 420 0.029 153 0.026 0.430t1 | 300 1.57 110 143 0.1361
] 185-195 28-31 0.0000944 | 480 0.023 256 0.022 12901t | 319 | 2.n 170 2,18 258 | 092 | 0.130
0.00162 | 400 0.138 200 0.133 0.092 | 0.67 [11.347 2 | 185 12 1.65 730 [ 095 | 4.52
2 170-178 2329 0.00047t1 | 430 0.053 100 0.046 09301t | 180 [ 2.20 3 1.80 ‘ 0.190¢
176-186 23-26 0.00040 | 530 0.047 256 0.050 0.047 | 09¢ | 1050t | 312 | 246 156 2.30 | 0.111

and nearly unidirectional,

*Values were neglhigible,

ﬁFov the method of computing & see TMB Report 109} (Reference 5).

‘In cases where conditions did not permit visual estimates, estimates of wave
height were made by extrapolation from earlier and later visual estimates,




Response of Ship to Sea

Strain, Main Deck Amidships . Pitch Roll
'] s b4 [

v o les | 2 T : 5| T S8 |z £ HE E 21 E |z z JE

E2 |2« |2 g SI3 | _oS |2 £Ex | B 2 T..I38] 58| s5| = |3 s L1K]
AR R L R S N R L EEE
15152832 (580 | §E|5(F| 258 |22 | 38 | e |Bis|csE|E|5|ch |28 35| :elses|fis|E|E
TS EFE ESS| Sfe|c¥| 2% (L8| B | 25 | fvelsss |t W B | s | ES| 25 |Eze| Efgi-l=
=&z |2 (323 EF55| « > | 32| 2<|25a o | S8 |F2 | 58| 52 |855|223|

&> (579~ o >
144 141 370 1.47 1.40 0.95 | 0.0341¢ 420 045 | 350 0.60 0.470 34 1.64 262 1.70 1.62 0.96
500 0.68 250 0.63 f 0.480 233 160 97 1.65 | 148 0.90
s | 048 164 0.438 ‘ 0.0055¢+t | 333 | 0179 121 0.162 0.970 204 2.28 85 2.50 2.02 0.81
190 | 0.88 430 0.88 0.06011 480 0.610 530 0.630 | 1.000 152 2.25 186 2.40 2.30 0.96
134 4.00 mn 2.30 1.92 0.86 | 0.180 223 0.99 186 1.10 0.97 0.88 1.000 179 2.28 149 1.90 2.20 1.16
134 2.50 65 2.30 0.0056tt 228 0.175 110 0.162 2,320 241 3.56 116 4.10 3.30 0.81
o | 19 26 1.81 181 | 100 | 01904t | 540 [ Ll0 25 1.00 L750 | 264 3.10 110 3.10 286 | 092
137 1.76 364 175 1.70 0.97 | 0.040 385 0.49 321 1.15 1.52 1.32 0.210 392 1.12 27 140 L1 0.79
197 2.36 415 2.70 2.33 0.86 | 0.0961 420 0.78 350 0.75 0.750 225 2.20 188 - L75 1.99 114
8 | 136 190 1.35 126 | 094 | 0450t | 309 | Leo | 159 1.50 3.600 46 .45 127 020 | a8 0.99
i 4.20 262 4.50 3.83 0.85 | 0.340t¢ 524 1.45 262 | 137 2,130 216 - 3.40 108 . 3.20 3.16 0.99
112 2,68 9 2.25 - 0.8301t 426 2.24 n 1.88 0.950t¢ 426 2.40 n 2.35
120 4.03 160 4.0% 3,77 }0.93 |'0.872 336 2.25 168 240 2.12 0.88 .13 kY[ 3.2 135 - 3.40 2.95 0.87
52 | 160 % | 210 1.60 |0.76 | 0.270 3712 | L2 99 140 | L1z |0.80 | 2.500tt | 185 3.60 31 3.00
100 1.01 332 122 |© 1.00. |0.82 | 0.043tf 400 0.50 332 0.50 0.500 183 1.60 154 1.50 1.59 1.06
03 0.92 88 0.95 0.86 | 0.91 ] 0.00681t 203 0.195 88 0.175 0.900 202 218 87 2.10 2.00 0.95
in 1.93 187 1.80 1.80 1.00 | 0117t N 0.83 187 0.78 | 1.400 25 2.78 125 2.60 2.60 1.00
100 1.87 160 1.47 0.14011 240 0.87 128 0.82 10.100¢ | 240 1.40 128 1.00
135 1.30 94 L.27 ‘ 0.0515¢1 186 0.518 130 0.50 3710 186 443 130 - 4.60 4.20 0.92
] 1.03 n 1.35 097 |[o0.72 1 2.740 168 75 84 4.20 348 0.83
95 | 0.92 178 1.07 0.89 0.83 | 0.040 320 049 | 1M 0.45 0.45 1.00 2.900 278 4.13 125 4.35 3.75 0.86
106 1.78 203 2.10 1.68 0.80 | 0.110tt 406 0.81 203 0.75 3.370 244 430 122 5.00 4.03 0.81
108 3.36 80 3.0§ 0.390 it 208 1.43 80 1.30 15,290 2n 9.0 . 105 9.80 8.40 0.86
i 20 262 4.50 3.83 0.85 | 0.340%t 524 1.45 262 137 2.130 216 340 108 3.20 .16 0.99
iL1] 0.74 140 0.95 0.70 0.74 f 0.740 161 1.9¢ 94 2.00 1.85 0.92
10.08 33 1.70 167 8.00 1.20 0.90

168 6.05 134 6.40 5.64 0.83 | 2.74 276 3.92 138 N 3.68 0.99 |61.00 - 204 18.2 102 19.0 16.80 0.88
51 | 2.8s 109 3.50 260 | 0.75 | 0.260 365 | 116 158 1.25 115 |0.92 | 4.800 212 5.06 92 5.00 470 | 094 ]
120 0.51 189 0.475 | ‘ 0.01881t | 415 0.33 187 0.31 0.771t 193 2.05 87 1.8%
i1} 1.4 206 .11 1.712 0.81 | 0.017t+f 48 0.31 206 0.25 2.90 196 3.95 162 3.80 3.80 1.00
100 157 | 160 | L& 0.140 1t 0 0.87 | 128 0.82 10.100¢4 | 240 1.4 128 1.00 ‘
168 1.87 s | L [ LIS 0.98 | 0.170 383 1.01 192 1.00 0.94 0.94 0.590 358 1.86 e 2.00 1.75 0.88
160 1.50 180 1.50 1.40 0.94 | 0.070 336 0.63 168 | 0.6 0.61 097 |11.16 | 226 1.80 113 1.50 1.30 0.98
"ug 122 40 100 § 0.054H [ 424 0.57 106 0.50 3.80 195 | 4.35 48 6.10 3.85 0.64
100 1.57 110 1.43 0.136t4 300 0.88 110 0.80 2.9501¢ | 330 4.13 102 3.70
1 n 170 2.18 2.58 0.92 | 0.130 “s 0.88 239 0.88 0.85 0.97 {14,140 286 8.85 53 9.90 8.50 0.86
) 1.85 112 1.65 1.30 0.95 | 4.52 218 4.93 109 5.10 .62 1091 5472 202 16.80 101 19.0 1590 [ 0.84
180 2,20 33 ) 180 0.1901t 300 1.03 55 | 0.88 10,3004t | 180 1.30 33 6.00
n2 2.46 156 2.30 0.111 348 0.81 m | 075 0.76 1.01 8.10 176 | 6.50 88 1.50 6.03. 0.81

Witions did not permit visual estimates, estimates of wave
xtrapoiation from earlier and fater visyal estimates,
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Voriation in Pilch Angle in degress
Figure 2a — Distribution of Variation in Pitch Angle
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Figure 2b ~ Cumulative Distribution of Variation in Pitch Angle
Figure 2 — Sample of Rayleigh (Short-Term) Distributions

Note: To determine £ from & set of experimental data we need te

" 2 »,
know two points on the line (-F ) vy ) and ”;‘

2‘
0”2)

where n; denotes the number of variations exceeding %5
and N is the total number of variations in the set of data.
From the equation of the slope of the line we obtain:

% - %,

E=

2

loge ng - loge ny

7
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Voriation in Midships Longitudinal Bending Moment, Hog 1o Sog in foot ~tons
o1 0s0} 5010° 1002103 500110° 000x103
{ 1T by
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i corresponds to the following porameters :
Meon Valus of log,ofpei x 16 +0.8138
Stondord deviation of log,o(psi x102) = 0.4116
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Figure 3 — Long-Term Cumulative Distribution of Longitudinal Stress and
Bending Moment Amidship, for Wartime Service in North Atlantic Ocean
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Figure 4 -~ Long-Term Distribution of Heave Acceleration for Wartime
Service in North Atlantic Ocean
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Vorigtion in Pitch Angle in degrees double amplitude

Figure 5 — Long-Term Cumulative Diatribution of Pitch Angle for
Wartime Service in North Atlantic Ocean
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Figure 6 — Long-Term Cumulative Distribution of Roll Angle for
Wartime Service in North Atlantic Ocean
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The distribution patterns give the probability of exceeding any given magnitude of
motion or bending moment and can be utilized as a load spectrum in designing for endurance
strength. For any set of operating conditions, characteristic and extreme values can be

predicted from a knowledge of the corresponding value of E. Useful statistical estimates are
made as follows:? '

a. The most frequent magnitude of variations* is 0.707 VE.
b. The average magnitude of the variations is 0.866 E.

¢. The mosat probable extreme value z _ experienced in a sample of N variations is
2, = kyE. For large values of N, k is approximately equal to ylog V.
For design purposes we may make a statistical eatimate of the extreme value of the
various variables as follows:
Let the value of E corresponding to the most severe condition be E,. If the ship is

expected to experience N variations during the time it is exposed to this operating condition,
then

”m: =E, (y + log,N)

where N is assumed large.

The value of y is a functién of the risk** f (selected by the designer). Table 2 of
Reference 10 gives y as a function of f. For example, if we take one chance in a thousand,
f= 0,001 and y = 7.0, For f < 0.1, y = log, (1/f).

The value zm‘l is then that magnitude of the variable which, on the average, is exceeded

only by the fraction f of many similar ships operating under the most severe service conditions,

DISTRIBUTION PATTERNS OF SHIP MOTIONS AND
LONGITUDINAL HULL BENDING MOMENTS

The motions and stresses (bending moments) given in this section are those associated
with the rigid body motions of the ship (heaving, rolling, and pitching) and do not include
vibratory motions and stresses induced by slamming.

*The motion, stress, and bending moment will be given in terms of their variation, which is defined as the

magnitude of the change from a maximum value to the succeeding minimum value.

s#f is the fraction of all samples of size N, belonging to a distribution specified by p(x), which will have at
least one value of x> xm‘.
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SHORT-TERM DISTRIBUTION

The Rayleigh distribution corresponding to a particular set of operating conditions
(sea state, speed, and course) is defined by the corresponding mean square value £, All
Rayleigh distributions become identical if the probability P is plotted against v2 = 22/E
instead of against z directly. With this artifice it is necessary to know only the value of £
corresponding to a particular sea condition, ship speed, and heading in order to obtain the
probability of exceeding any value of 2 from a single graph (Figure 2b) which is equally
applicable to wave heights, ship motions, and hull stresses. The previous section gives
formulas which may be used to estimate characteristic and expected extreme values.

LONG-TERM DISTRIBUTION

The short-term distributions, each of which is characterized by a value £, will now be
be used as building blocks to construct the long-term frequency distribution patterns of the
ship responses to the sea applicable to wartime service in the North Atlantic Ocean.
Distribution patterns for other ‘‘missions’’ or operating areas can be readily computed from
data given in this report. Each of the short-term distributions will be weighted in accordance
with the relative fraction of time in which carriers of this class will operate in a given sea
state f,, at a given heading to the waves f;» and at a given ship speed f,.

The fractions of time f, that the ship will make the given speeds for the specified
range of characteristic wave heights, including all headings relative to the predominant wave

direction, are:

Speed Characteristic Wave Height, feet
knots | O-4 | 46 | 48 | 815 [>15

5-10 | 0.051 [ 0.053 | 0.079 ! 0.188 | 0.503
10-15 | 0.288 | 0.369 | 0.425 | 0.537 | 0.368
1520 ] 0.353 | 0.376 | 0.346 | 0.201 | 0.099
2025 | 0.175 | 0.139 | 0.119 | 0.052 | 0.035
2530 | 0.112 | 0.057 | 0.026 | 0.021 | o0
>30 | 0.021 ] 0.006 | 0.005 | o 0

The fractiona of time f, that specified ranges of characteristic wave heights will be
experienced in the North Atlantic Ocean are:

Characteristic Wave Heights, feet 7
0-4 4-6 6-8 815 | >15
0.2 | 022 | 017 | 027 | 0.0
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TABLE 2

Product of Weighting Factors (f, f, f;) Applicable to Different
Sets of Operating Conditions

Ship Speed | g;:,a:::fn Characteristic Wave Height, ft
1 of Sea
Knots | Class deg 0-4 4-6 6-8 815 ¢ >1%
5.10 1 0 0.00153 | 0.00146 | 0.00168 | 0.01270 | 0,01258
+ 45 0.00306 |} 0.00292 | 0.00336 | 0.01270 | 0.01258
+ 90 0.00306 | 0.00292 | 0.00336 { 0.00635 | 0.00629
1135 0.00306 | 0.00292 | 0.00336 | 0.01270 | 0.01258
180 0.00153 | 0.00146 | 0.00168 | 0.00635 { 0.00629
10-15 2 0 0.00864 | 0.01015 | 0.00904 | 0.03626 | 0.00320
b 1) 0.01726 | 0.02030 | 0.01808 | 0.03626 | 0.00920
+ 90 0.01728 | 0.02030 | 0.01808 | 0.01813 | 0.00460
* 135 [ 0.01728 | 0.02030 | 6.01808 | 0.03626 | 0.00920
180 0.00864 | 0.01015 | 0.00904 | 0.01813 | 0.00460
15-20 3 0 0.01059 | 0.01034 | 0.00735 | 0.01358 | 0.0025
+ 45 0.02118 | 0.02068 | 0,01470 | 0.01358 | 0.0025
- 90 0.02118 { 0.02068 | 0.01470 [ 0.00679 | 0.0012
*135 0.02118 | 0.02068 | 0.01470 | 0,01358 | 0.0025
180 0.01059 | 0.01034 | 0.00735 | 0.00679 | 0.0012
2025 | 4 0 0.00525 | 0,00383 | 0.00253 { 0.00350 | 0.00088
+ 45 0.01050 1 0.00766 | 0,00506 | 0.00350 | 0.00088
90 0.01050 | 0.00766 | 0.00506 | 0.00175 | 0.00044
- +13§ 0.01050 | 0.00766 | 0.00506 | 0.00350 | 0.00088
180 0.00525 | 0.00383 | 0.00253 | 0.00175 | 0.00044
25-30 5 0 0.00336 { 0.00156 | 0.00055 | 0.00142
45 0.00672 | 0.00312 | 0.00110 | 0.00142
+ 90 0.00672 | 0.00312 | 0.00110 | 0.00071
+135 0.00672 | 0.00312 | 0.00110 | 0.00142
180 0.00336 { 0.00156 0.00055 | 0.00071 |
> 30 6 0 0.00063 | 0.00016 | 0.00011
+ 45 0.00126 | 0.00032 | 0.00022
+ 9 0.00126 | 0.00032 | 0.00022 |
+13% 0.00126 | 0.00032 | 0.00022
180 0.00063 | 0,00016 | 0.00011
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The fractions of time f, that the ship will make a given heading® to the sea for all

operating speeds and for all characteristic wave heights not exceeding 8 ft are:

Head | Quarter Beam Quarter
Seas | HeadSeas | Seas | Following Seas | ' OlOWing Seas
0.125 0.5 | 025 | 0.2 0.125

For characteristic heights greater than 8 ft, the values in the table are modified such
that /3 is taken 0,125 for beam seas and 0.25 for head seas.

The weighting factors f; and f; are based on estimates made by the commanding officers
of a number of ships of the ESSEX Class, as reported in Table 2 of Reference 6. The factors
/, have been taken from the frequency distribution of wave heights shown in Figure 18 of

Reference 7 and are applicable to Ocean Station C in the North Atlantic Ocean. The products -

of the weighting factors used in the calculations are given in Table 2.

The distribution patterns are calculated in Tables 8 through 6, where the probabilities
(1 - P) of exceeding given values of the variable are tabulated. The last line in each table
is obtained by summing up all environmental conditions and thus gives the derived values of
(1 - P) for the long-term distributions. The latter values are plotted on the cumulative
probability charts in Figures 8 through 6.

The straight lines shown on these charts have been computed directly from the per-
centages represented by the plotted points, on the assumption that the long-term distribution
is of the log-normal type. The rather good fit of the computed line to the plotted points in-
dicates that this assumption is reasonable.

The wave-induced hull girder stresses have been converted to bending moment amid-
ships by making use of the midship section modulus which is applicable to the gage looation.

On VALLEY FORGE the strain gage was located 54.8 ft above the baseline and 28.76 ft above

the calculated location of the neutral axis. The section modulus applicable to this strain-gage
location is 167,000 ft-in.2

DESIGN AND OPERATIONAL CONDITIONS
FOR WARTIME SERVICE

It has been pointed out that the distribution patterns give the probability of exceeding
any given magnitude of motion or stress and that the distribution pattern can also be used as
a load spectrum for calculations of endurance strength. In this section, design and operational

*In this report the heading ¢b of the ship relative to the wave direction is defined es follows: For head
seas, ¢ = 0 deg; for quarter head seas, ¢ = +48 deg; for beam seas, ¢ = 190 deg; for quaster following seas,
@ = 4135 deg; for following seas, ¢ = 180 deg.
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conditions for wartime service will be determined on the basis of the following assumptions:
1. The vessel will generally be operating in the North Atlantic Ocean. The observations
of sea conditions at Weather Station C (52 deg N 37 deg W), see Figure 13 of Reference 7, are

considered typical of conditions in the North Atlantic and are assumed to represent the con-
ditions the ships will encounter in service.

2. Operating speed patterns, corresponding to various sea conditions, are assumed to
follow those reported in the last section.

3. All headings of the ship relative to the predominant wave direction are assumed equally . w
probable, except that seas coming approximately off the beam are considered unlikely for "
combinations of high speeds and rough seas, as previously indicated.

LONG-TERM DISTRIBUTIONS

Figures 8 through 8 give the probability of 'exceedi‘ng and of not exceeding given values,
il all the motions and stresses are considered to which the ship is subjected over a period of
years. For example, only 3 percent of all variations in roll angle would, on the average, ex-
ceed a value of 4.5 deg port to starboard; see Figure 6, These distributions may be considered
valid up to variations corresponding to a value of (1 ~ P) equal to 1 percent.

PREDICTION OF EXTREME VALUES

In order to estimate the largest values of motions and bending moments for design
purposes, the extreme value formula discussed on page 10 may e used:

z,,fl =E, (y + log,N)

It will be assumed that the worst combination of operating conditions is that which gives the
largest value of E, E_. The value of N may be estimated as follows: Assume that the ship
will be subject to the worst operating conditions for a period, here taken as 4 hours, and will
experience V variations during that time, and that this situation will be repeated n times dur-
ing the service life of the ship. Therefore N = nV,

As an example of the prediction of an extreme, consider the maximum variation of
longitudinal bending moment, excluding the uffects of slamming. From Table 7

E, = 0.156 x 1012 (ft-ton)2, V = 1440

It we take f = 0.001, then Reference 10 gives y = 7.0, Therefore, with n = 20,
= 1,640,000 ft-tons hog to sag

18
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Maximum values for the other variables considered herein have been estimated simi-
larly by taking f = 0.001 and n = 20. They are listed in Table 7 together with the largest
values measured at any time during the rough sea trails of ESSEX, VALLEY FORGE, and
ORISKANY.

Predictions of extreme values should be used with caution because the method may
break down by predicting too extreme a value. The extreme values listed in the last column
of Table 7 are regarded as reasonable.

DESIGN MIDSHIP BENDING MOMENT

The midship bending moment just calculated must be augmented by the vibratory bend-
ing moment incident to slamming and by the still-water bending moment. It is, furthermore,
desirable to estimate the parts of the total variation due to hogging and sagging. The still-
water bending moment will vary with the ship's loading and can readily be computed by rou-
tine methods. Therefore, only the contributions of the vibratory and the ordinary wave-induced
moments will be considered.

The most severe hull stresses experienced® by ESSEX occurred when the ship encoun-
tered a wave 26 ft high and 1028 ft in apparent length (821 ft real length) at a ship speed of
16 knots. The oscillogram, Figure 5a of Reference 4, indicates that the ordinary stress varia-
tion at the frequency of wave encounter was made up of approximately 60-percent sag and
40-percent hog relative to the still-water stress. A large, higher-frequency stress variation,
corresponding to the two-noded mode of vertical whipping vibration, was superimposed on the
ordinary wave strens.

The midship bending moment variations** corresponding to the most severe stresses
measured during the passage of a single wave 26 ft high were: 515,000 ft-tons (60-percent
sag, 40-percent hog) for the ordinary wave-induced stress, and 1,230,000 ft-tons for the
whipping stresses. The stress may be expected to increase roughly as the wave height.*

If, for design purposes, a wave 39 ft high is assumed! rather than the 26-ft wave actually
experienced, tiie bending moment (corresponding to the ordinary wave-induced and to the
whipping stresses) would be expected to be increased by 50 percent; i.e., the moments be-
come 773,000 fi-tons and 1,850,000 ft-tons, respectively.

The midship design bending moment may then be calculated as follows, on the assump-
tion that a 39-ft wave will be encountered.

sMeasurad at the centerline of the hangar deck (Gage 3). The maximum stress value including ordinary wave-
induced and vibratory whipping stresses was 13,500-psi sag and 10,000-psi hog.

s*Midship section modulus applicable to the location of Gage 3, $4.69 ft above the baseline, is 158,000 ln.2 ft.

trum 2, Reference 11, indicates that, for waves of apparent length nearly equal to the ship’s length, a
utfgm of 26 ft will certainly be encountered and a height of 43 ft will be experienced rarely or never. The
assumed value of 39 ft is considered a conservative, realistic compromise.
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Method 1 (Without Use of Statistical Methods)

Hogging Moment = 0.40 (773,000) + 0,50 (1,850,000) + still-water moment

= 1,23 x 108 ft-tons + still-water moment

Sagging Moment = 0,60 (773,000) + 0.50 (1,850,000) + still-water moment

= 1,39 + 106 ft-tons + still-water moment

Method 2 (Statistical Prediction of Ordinary Wave-Induced Bending Moment)

Expected design extreme value of ordinary wave-induced bending moment variation is
1,600,000 ft-tons (from Table 7). The maximum variation in bending moment incident to
whipping (for the 39-ft wave) is 1,850,000 ft-tons.

Hogging Moment = 0.40 (1,600,000) + 0.50 (1,850,000) + still-water moment

= 1,57 x 106 ft-tons + still-water moment

Sagging Moment =0.60 (1,600,000) + 0,50 (1,850,000) + still-water moment

= 1.89 x 106 ft-tons + still-water moment

Method 3 (Alternative Statistical Prediction, See Appendix D)

It should be noted that the bending moment calculations are based on the midship sec-
tion modulus which is computed on the assumption that the ship structure above the hangar
deck does not contribute to the section modulus. It is suggested that the bending moments
computed by Method 3 be used for hull structural design. It should not be necessary to apply
a safety factor to these design values, For ships geometrically similar to ESSEX, the design
bending moment may be assumed to vary roughly as the fourth power of the length.

DISCUSSIGN

The reader will readily appreciate that many operating difficulties make it impossible
to obtain as complete and accurate data as desired. For example, the sea state is the most
difficult variable to assess. Ship operations allowed test runs for only a few combinations
of ship speed and heading for a continuous period of time when sea conditions were fairly
constant. Consequently, it was necessary to take data for the missing combinations when
approximately the same sea state was again encountered. These difficulties can be overcome
by model testing rather than full-scale testing, Moreover, model testing can be accomplished
more economically and for a wider variety of operating conditions, Furthermore, the general
method of synthesis used in this report is equally applicable to model test data.
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The statistical methods described in this report are sufficiently general that, together
with the basic data in Table 1, they can be applied to predict motions and bending moments of
ESSEX-Class carriers or geometrically similar ships for a wide variety of different missions
or types ol operations, For example, a high-speed, nuclear-powered carrier similar in form to
ESSEX might be treated. For this ship, the weighting factors should be adjusted to allow
much mote time of operation at higher speeds than KSSEX.
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APPENDIX A
SAMPLE OSCILLOGRAMS

Samples of typical oscillograms, obtained by the TMB automatic statistical recorder
on VALLEY FORGE, are given in Figures 7 through 10. Each oscillogram is identified by
the record number which corresponds to that given in Table 1; Table 1 also gives the perti-
nent environmental and operating conditions. ©n these oscillograms Channel 1 measured
heave acceleration at the ship’s center of gravity, Channel 2 (Gage 5) measured longitudinal
strain in the keel, Channel 3 (Gage 3) measured longitudinal strain in the hangar deck, and
Channels 4 and 5 measured pitch and roll angle, respectively. Strain-gage [ocations are
shown in Figure 1.
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APPENDIX B

COMPARISON OF LONGITUDINAL AND
TRANSVERSE BENDING STRESSES

Longitudinal and transverse Lull bending stresses (hangar deck amidships) are compared
in Table 8, Stress variations obtained during the passage of a single wave are given for those
occasions on which transverse bending made an appreciable contribution to the stresses.
Figure 11 shows a sample record in which the strains on the port and starboard sides differ
appreciably due to transverse bending.

It is apparent that for some operational conditions transverse bending moments* are
appreciable; viz,, for beam seas, However, the most severe bending stresses are experienced
in head seas when transverse bending is relatively small.

TABLE 8

Comparison of Longitudinal and Transverse Bending Stresses for
Geoasions at which Transverse Bending Was Appreciable

Measurements were obtained on USS VALLEY FORGE.

Characterisiic | Relative Heading Stress, kosi
Dste Ship Speed | Wave Height Ship to Waves Congituding) | Transverse | Troasverse Stress |
knots ft Gage2 | Gaged| Bending | Bending Longitudinal Stress |
9 Dec 55 10 10 QuarterHead | § 15 63 1.3 0.21
10 Dec 55 8 u Quarter Head 6.7 31 (K] 18 0.37
9 Dec 55 10 - - 40 8.7 54 14 0.2¢
9Doc 5 10 - - 25 5.7 41 1.6 - 0.3
9 Dec 55 0 - - 3.0 8.3 5.7 a7 0.4
10ct 55 10 9 Beam 1.4 a1 | 2l 0.6 | 0.31
10ct 55 10 9 Besm 10 [ &0} 2.5 15 0.60*
10ct 55 10 9 Besm 2 | 0| 6.5 24 0.% .
10ct 55 10 9 Beam 50 | 100 1.5 25 0.33
10ct S5 10 9 Beam 11 5.5 33 2.2 0.67¢¢
*See instant marked o in Figue 11,
o8¢ instant marked b in Figwe i1.

*It should be noted that, at the midship section, the effective area moment of inertia for transverse bending
is much larger than the moment of inertia for longitudinal bending.
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Original chart scale: Smallest division equals 1 mm, chart speed is 0.25 mm/second.
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APPENDIX C

COMPARISON OF STRAINS ON STRINGER
PLATE AND ON LONGITUDINAL

On VALLEY FORGE s strain-gage bridge (Gage 1) was installed on the hangar deck
T4 in. inboard of the shell, and a single gage (Gage 2) was installed on the longitudinal
stiffener closést to Gage 1. Both gages were oriented to measure strains in the longitudinal
direction. Gage 1 consisted of a series of gages connected so as to give a signal proportional
to longitudinal stresas.

The purpose of Gages 1 and 2 was to determine whether a strain gage mounted directly
on the deck plate, close to the shell, will be free of local plate bending stresses, Gage 2,
on the longitudinal, was free of these local stressvs and was subject to longitudinal strains
only,

Gage signals are compared in Figure 12 for various magnitudes of strain variations.
The two stresses are proportional, but Channel 1 indicates & magnitude about 10 percent
greater than Channel 2, This difference may be due in part to the contribution of transverse
bending.

60
Goge No. 1 =10 kpsi = 20mm
- Goge No. 2= 10 kpsi = 20mm
-3 16 October 1955
c Time - 10:16 (Zone Time)
= o/ 12 knots
840 10 ft. Wave Heights
3 Quarter Head Seas
g
E Gage 2
§ 2.0t Gage |
&
(o} 20 40 60

Stress Obtained from Goge 2 in kpsi

Figure 12 — Comparison of Longitudinal Stress Measured on
Stringer Plate and on Longitudinal

(USS VALLEY FORGE)
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APPENDIX D*

ESTIMATION OF EXPECTED EXTREME BENDING MOMENT
ON THE BASIS OF THE LONG TERM DISTRIBUTION
OF THE CHARACTERISTIC PARAMETER £*

In this report the expected extreme bending moment has been based on the assumption
that the most severe operating condition (and the resultant ship response defined by the pa-
rameter E ) actually experienced during the periods of sea trials is the worst to be expected
during the ship's life.

Another more general approach would be to estimate the expected extreme value of
E¥ (rms bending moment or stress) on the basis of a known distribution of this parameter.
Thus far the distribution of E?‘ for hull girder bending moment had not been studied. Exten-
sive studies of the corresponding parameter for ocean waves E:‘ (actually of significant
wave height) were made in References 7 and 5 and this parameter was found to have a log-
normal distribution. It would not be unreasonable to expect the rms value of ship.response
to wave action to follow the same type of distribution. Accordingly, an attempt was made to
fit the log-normal distribution to the values of E* for hull bending moment (stress). The E
values were taken from Table 8 and the correspording probabilities from column 6 of Table 8.
The resulting distribution, shown in Figure 18, approximates to a log-normal distribution. A
gimilar atudy was made for a destroyer; the results ate also shown in Figure 18,

Let us devise a method for prediction of expected extreme bending moment on the
basis of:

a. A known long term distribution of bending moment, Figure 13,

b. A known long term distribution of sea conditions (in terms of characteristic wave
heights and wave lengths or power spectra of the waves).

For each ship we postulate** an ‘‘Extreme Sea State’’ comprising all seas for which:

1
a. The characteristic wave length ¥ L is less than 2 L, and larger than 7_; L,
where L is the LBP of the ship.

b. The characteristic wave height /_ is equal to or greater than the most probable wave
height for a wave of length equal to the length of the ship. This height may be read from
Curve C, Figure 2, TMB Report C-555. For ships of length larger than 800 ft a characteristic
wave height of 28 ft is correct with £3 ft.

The percent of time (1-P), that the ship will be exposed to the ‘‘Extreme Ses State’’

can be read from the statistical joint distribution of wave height and length such as prepared
by Dr. Roll!2 corresponding to the particular values of L, H,,.

*The method given here was proposed by Dr. N.H. Jasper.
*¢A more refined definition of *'Extreme Sea State’’ will eventually be developed in terms of power spectra of
waves and ship response to waves. ’
1The wave length may be calculated from the wave period T, usually reported by shipboard cbservers by the
relationship L, = 3.4 T2 (T ia given in seconds and L, in feer).
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The RMS value E% correspouding to (1-P) determined as described above may then be
tead from the long term distribution of £%, such as shown in Figure 18. The most probabie
extrome value of stress (or bending moment) cocresponding to an exposure of (1-P) to the
‘“Extreme Sea State’’ may then be calculated in the usual manner and is illusteated in the
following example.

EXAMPLE: ESSEX CLASS CARRIER

1. LBP 820 ft
Extreme Sea State: 580 ft < L, < 1150t
18.2sec < T, < 18.4sec
H, > 23ft
Midship Section Modulus (Main Deck) = Z = 167,000 ft-in2

2. Percent Exposure to “EXTREME SEA CONDITION," (1-P) = 0.6 percent
This value is obtained from Reference 12 corresponding to the ‘‘EXTREME SEA
STATE.”

3. RMS Bending Moment corcesponding to (1-P) = 0.8 percent is E'MV‘ = (5.6 KPSI)Z =
415,000 ft-tons, HOG TO SAG (from Figure 18).

4. Number of stress variations experienced during the exposure to the ‘“‘EXTREME SEA
STATE' = N. Assume a life of 20 years, 100 days at sea each year.

20 x 100 x 24 x 3600 x (1-P)

T

stress

N = , where

Tstreu = T‘wave = 14 (18.2 + 18.4) secs

N = 86,000 vacriations

5. The expected Extreme Bending Moment = E'm” (y + log, N = M,
Taking a 10 percent risk* (f = 0.1) that ¥, may be exceeded y = 2.3
M, = 415,000 (2.8 + 11.1)% = 1.52 x 10° fi-tons
The Design Bending Moment = Wave BM + Whipping BM + Still Water BM
HOGGING MOMENT . 0.40 (1.52 x 10%) + 0.50 (1.85 x 10%)
+ Still Water BM = 1.58 x 106 ft-tons + Still Water Moment

SAGGING MOMENT = 0.60 (1.58 x 105) + 0.50 (1.85 x 109)
+ Still Water BM = 1.84 x 106 ft-tons + Still Water Moment

*For the method used here a higher risk may be taken than in the estimate made {n Table 7, because we
are now dealing with an extrapolated extreme operating condition,
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