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ABSTRACT 

The motions and hull-girder bending moments which a ship of the general 

form and size of the AVP10 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 the USCGC UNIMAK during sea trials in the 

North Atlantic Ocean. The methods of statistics have been employed in the plan- 

ning of the at-sea phases of the trials and in the collection, analysis, and presenta- 

tion of the large amount of data. From the test results, data are derived for this 

type of ship for use in design and operating problems involving bending moments, 

hull motions, and slamming pressures. Formulas are given for use in estimating 

probable maximum values of moments and motions. 

INTRODUCTION 

The Bureau of Ships initiated a long-range investigation of strains in ships at sea for 

the purpose of evaluating and improving methods for the design of the ship girder and its 

structural components.! Instrumentation has been developed and installed on various types 

of ships to collect information on the wave loads, stresses, and motions which ships exper- 

ience in service. During the winter of 1954 and 1955, measurements were carried out on the 

USCGC UNIMAK (formerly AVP31) during operation in the North Atlantic Ocean. One of the 

main objectives of this work is the collection of sufficient data on ship motions and longitud- 

inal hull-girder stresses to determine, by statistical methods, the frequency distributions of 

these quantities for different combinations of sea conditions, ship speed, and ship heading 

relative to the waves. For a complete background and general discussion of these trials, see 

Reference 2. 

This report presents the distributions of the motions and bending moments* to be util- 

ized for design purposes. To devise these distributions, it is necessary to specify the ship 

operations for which the vessel is to be designed. The term ‘‘mission’’ will be used here to 

define the ship’s assigned operational pattern. One component of this mission is the aggre- 

gate of sea conditions under which the vessel must operate. It will be assumed that the ship 

will operate in the North Atlantic Ocean inasmuch as this probably represents more severe 

sea conditions than the vessel will actually experience and thus is on the safe side. 

Accordingly, the probable speeds and headings at which these ships would be expected 

to operate under wartime conditions and the fraction of time the ships would spend at each of 

the various conditions were estimated by the skippers of a number of vessels of this class. 

lpeferences are listed on page 42. 

*The hull bending moments due to flexure in the longitudinal plane of the ship were deduced from the strain 

measurements and the section modulus applicable to the strain-gage location. 



TABLE 1 

Estimated Wartime Operating Conditions 

The data for the WAVP vessels have been developed on the basis of a detailed analysis of ships’ logs. For 

the AVP vessels data are based on estimates made by officers having experience in this type over a wide range 

of operating conditions. Values for individual ships were evaluated for mutual consistency and then averaged for 

each sea state and speed range. Sea states are defined in Reference 4. 

Percentage of Time Operating at the Given Speed* 

Ship 

Reporting 
Sea State 2 Sea State 3 

Significant Wave] Significant Wave | Significant Wave] Significant Wave 

Height 6 ft Height 7-9 ft Height 16 ft Height 21 ft 

WAVP370 5 i i 

WAVP374 b L y : 

WAVP378 3 i J 

Atlantic WAVP381 x 1 I 

WAVP382 15.74 13.5 15.01 4. 6 17.75 14.7 35.53 32.6 

WAVP383 average : average 41.2 average i average F 

AVP38 d a ; i Hl 

AVP41 

ae sai ee average 

WAVP370 13.9 17.8 
WAVP374 J i . i 

WAVP378 : b 
Atlantic WAVP381 | 17.29 17.3 15.16 17. 0 28.53 13.8 28.89 20.0 

WAVP382 average 10. average 4.9 average 9. average 34. 

WAVP383 d 17.6 b i 

AVP 38 H 50.0 J H 
AVP41 20.0 H 

haan eee apie 

WAVP370 Hy 
WAVP374 fF 5 H ; 
WAVP378 5 : b , 

WAVP381 5 E 
WAVP382 35.17 23.0 37.95 67.9 28.54 36.6 22.58 21. 2 
WAVP 383 average 20. average 4 average 25. average 24.2 

AVP38 x i i ; 

AVP41 65.0 

average average aa oe 

0 

WAVP370 
WAVP374 I Ly D 

WAVP378 31.80 18.9 31.88 15.8 25.18 8.5 
WAVP 381 average A average d average b 

WAVP 382 jo i b 

WAVP383 b 5 

AVP38 
AVP41 0 

COMAIRPAC 
ee ae 

SUF Or each ship, the percentages add up to 100 percent for each sea state. 

Sea State 4 Sea State 5 
Ocean 

ne 
13.00 12.6 

average 0) 
11.4 
38.5 



Longitudinal Hull Girder 
Stress at Amidships 

Location of Stereo Cameras 

Heave Acceleration 
atlGenter of Gravity Contro! Center, Recorders 

Gyro, (Pitch & Roll) 

Pitch Accelerometer 

Midship Section Modulus (for location of strain gage) 11,000 Retin” Slamming Pressure Pressure Trigger 

Midship Section Moment of Inertia 761 ft? Plate Strains Switch 

Block Coefficient 0.571 Plate Deflection 

Midship Section Area Coefficient 0.972 Acceleration at Keel 

Prismatic Coefficient 0.588 Strain in Keel 

Waterplane Area Coefficient 0.703 

Figure 1 - Profile and Characteristics of USCGC UNIMAK (AVP 10-Class Vessel) 

The information received from these officers is summarized in Table 1. These estimates were 

primarily based on an examination of ships’ logs. 

The sea conditions will be specified in terms of a significant wave height.* Estimates 

of the significant wave heights are made by weather observers stationed on a number of weath- 

er ships at various locations in the Atlantic Ocean. These observations have been made at 

3-hr intervals since 1947. It has been found that the frequency distribution of these significant 

wave heights is approximately logarithmically normal.* The Weather Bureau’s observations of 

Significant wave heights have been utilized here to evaluate the sea conditions to be expected 

in the North Atlantic Ocean. 

During the at-sea phases, oscillographic recordings were made of actual variations of 

roll and pitch angle, heave accelerations, and hull strains as the ship responded to wave- 

induced loads. In general, 1/2-hr continuous records were taken for each combination of ship 

speed, heading, and sea condition. Typical oscillograms are shown in Appendix A. Instru- 

ments were located as shown in Figure 1. 

The pressures incident to slamming acting on the ship’s bottom were measured by 

seven pressure gages installed on the UNIMAK.° Similar but more limited data were obtained 

during trials® of a sister ship, the USCGC CASCO. 

*The significant wave height was obtained by averaging the observed highest wave in each of a number of 

groups of waves. ‘Note that the term ‘‘significant height’? as used here is not synonymous with the statistical 

meaning of ‘‘significant’’? value which is defined as the average of the upper third highest values. 



Experimental Data 
Probability Density 

12,365 observations each 

of which represents a 

given sea state. 

0 4 8 12 16 20 24 28 

Significant Wave Height, feet 

Figure 2a - Distribution Function 

STATISTICAL BACKGROUND 

The wave heights, ship motions, and hull bending moments experienced under a given 

set of conditions will be described or specified in terms of their distribution patterns or, math- 

ematically speaking, their distribution functions. 

For illustrative purposes, consider one of the variables, for example, wave height. All 

wave heights are considered to be members of a statistical ‘‘population.’’ The distribution 

function (d.f.) of wave heights indicates the relative probability p(x) of encountering a wave 

of a given height as a function of that height. Figure 2a illustrates this distribution function. 

(Similar illustrations are given for the ship motions in Figures 3 through 6.) The area under 

the curve up to a value 2, is the integral of the d.f. up to the value z= 2; it is equal to the 

fraction of all members of the population of wave heights which have a height less than je 



The dashed lines denote the limits the : a | aN 
aREs ; lotted values may take on due to an 

| eee Hn ¢ a ai A Ele of 2 eaceuil the process of i 
Seneca ab aailt: numerical integration. A a 

raat eset HH 1h — 

Sep RaeT | A a TTT cama sean A : 
eee Daneel Ee @® tepresents the log-normal distribution fitted to the 

a Ai observed values of significant wave height which 
ah A nae C were obtained at intervals of 3 hours over a period Probability of Not Exceeding Wave Height (percent) 

Probability of Exceeding Wave Height (percent) of 4% years. The position of the line was computed 
from the observed data. 

fepresents the distribution of individual wave heights jj 

‘derived from the significant wave heights represented 

2 4 6 8 10 12 14 16 18 20 

Wave Height, Crest to ai ee 

Figure 2b - Cumulative Distribution Function 

Figure 2- Distribution of Heights of Ocean Waves at Weather Station C, 
52°N 37°W, North Atlantic Ocean 

This distribution is based on 12,365 observations made over a pened of 44% years by 

U.S. Weather Bureau personnel. 

Mathematically 

x co 

P(z)= | pdeandP(zx+~)= | pde=1 {1] 

0 i) 

P is a function of x, and this function is designated as the cumulative distribution function 

(c.d.f.) of z. P(x) is numerically equal to the probability that a value chosen at random from 

the population-is less than z. 



A discussion of the statistical methods utilized here is given in References 3 and 7. 

There is considerable evidence? to indicate that the distribution of wave heights cor- 

responding to any one given sea condition is of the one-parameter type known as the Rayleigh 

distribution which is defined as 

2 
P(z)=1-e% /E 

where E is independent of z. Thus the probability is defined by a single number* £. On the 

other hand, when the heights of all waves experienced over a long period of time, say over 

several years, are considered, then the evidence indicates that the logarithm of the wave 

height is approximately normally distributed, that is, the two-parameter log-normal distribution 

describes the situation. The log-normal distribution is defined as follows: 

(log x— p)? 

ga. ae d (log z) p (log z) d (log z) = 
1 

oV2a 

where wu is the mean value of log z and o is the standard deviation of log z. 

Reference 3 shows that these two types of distributions also describe the response of 

the ship to the waves. For the sake of brevity, the distributions applicable to homogeneous 

conditions of the sea, ship speed, and course will be called ‘‘short-term’’ distributions, 

whereas the function which represents the distribution when the seas, ship speeds, and 

courses are allowed to vary over a range of conditions, will be designated as ‘‘long-term’’ 

distributions. 

The distribution pattern will, at a glance, give the probability of exceeding any given 

magnitude of motion or stress. It also can be applied to the prediction of the largest magni- 

tude to be expected in a given number of variations. For application to design for endurance 

strength, the distribution pattern can be utilized as a load spectrum. Illustration of these 

applications will be given in a later section. 

+E is the mean value of x2. 



DERIVATION OF DISTRIBUTIONS OF SHIP MOTIONS AND LONGITUDINAL 
BENDING MOMENTS OF THE HULL 

It will be assumed without further discussion that the short-term distribution of wave- 

induced ship motions and stresses may be represented by the one-parameter Rayleigh distri- 

bution and that the corresponding long-term distributions are approximated by the two- 

parameter log-normal distribution. Evidence to support these hypotheses is presented in Ref- 

erence 3. 

Typical distribution patterns of variation* in pitch angle are shown in Figures 3 through 

6. In all, 129 similar sets were analyzed. Pertinent results are given in Tables 2 through 6 

for variations of pitch angle, pitch acceleration, roll angle, heave acceleration, and the hull 

girder stress in the main deck amidships due to bending of the ship in a longitudinal plane 

normal to the deck. 

It is interesting to note that all cumulative Rayleigh distributions (for example, those 

shown in Figures 4 and 6) become identical if v2 = «?/E is plotted against the probability 

instead of plotting 2 directly. Utilizing this artifice it is necessary to know only the value of 

E 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 4) which is equally appli- 

cable to wave heights, ship motions, and hull stresses. The values of E for various ship 

operations are given in Tables 2 through 6. Table 7 gives factors which, together with the 

value E, permit making statistical predictions as discussed later. 

We now proceed to utilize the short-term distributions, each of which is characterized 

by a value of E, as building blocks in order to construct the long-term frequency distribution 

patterns of the ship responses to the sea applicable to wartime service in the North Atlantic 

Ocean. (It should be noted that the distribution patterns for other ‘‘missions’’ can be readily 

computed from the data given in this report.) Each of these short-term distributions will be 

weighted in accordance with the relative fraction of time spent at given sea state (f,), at the 

given heading to the sea (f,), and at the given ship speed (f,)- For example, if tests have in- 

dicated that the ship will experience N = 480 pitch variations per hour in a State 2 sea when 

heading directly into the waves at a speed of 10 knots, then one may expect that n = f,f,f,N 

= (0.33) (0.34) (0.125) 480 = 6.73 variations of pitch angle per hour, out of the average 

number of variations per hour, can be attributed to this set of environmental conditions over 

an average year’s operation in the assigned mission. 

These calculations are carried out in Tables 8 through 11. Each horizontal line in 

these tables gives the data corresponding to a given set of environmental conditions. The 

probabilities (1—P) of exceeding given values of pitch angle, etc., are computed and tabulated 

in columns 10 through 18. The total number of variations per hour which, over the average 

*Throughout this report, a variation is taken to mean the peak-to-peak variation of the variable 
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year, will exceed each given level are obtained by summing the product of column 9 with col- 

umns 10 through 18 over all environmental conditions. The last line in the table gives the 

probability of exceeding any one of the given magnitudes, for the long-term distribution. The 

latter values are plotted on the cumulative probability distribution charts in Figures 7 through 

10. 

The straight lines shown on these charts have not been drawn by eye through the plot- 

ted points but have been computed directly from the percentages represented by the plotted 

points under the assumption that the long-term distribution is of the log-normal type. A sample 

calculation is given in Appendix B. The rather good fit of the computed line to the plotted 

points indicates that this assumption is reasonable. One would expect that the points corres- 

ponding to the more extreme values would lie above the theoretical line because by far the 

greatest contribution to the computed probability for these extreme values derives from the 

more severe sea conditions. It is apparent that if data had been available for more severe 

seas than State 5, the probabilities of exceeding the higher values would have been increased 

whereas the plotted points representing probabilities of exceeding low or medium large values 

would not have been affected to any noticeable extent. 

The value of E corresponding to any short-term distribution may readily be used to pre- 

dict the most probable maximum value of the motion or stress expected in any given number of 

oscillations. Longuet-Higgins® has shown that the largest probable value out of N measure- 

ments is /E times a constant if the population is of the Rayleigh type, where the constant is 

a function of N only. For large values of N, the constant is nearly equal to Vlog, N. Table 7 

gives the value of the constant by which VE must be multiplied. A comparison of predicted 

and measured maximum values, utilizing this method, is given in Tables 2 through 6. There 

appears to be a satisfactory agreement. 

The wave-induced hull-girder stresses can be converted to the corresponding vertical 

bending moments amidships by making use of the midship section modulus which is applicable 

to the strain-gage location (23.8 ft above baseline, 10 ft above the location of the neutral 

axis). Tests have indicated ?’° that the deckhouse of the AVP vessel is fully effective in 

resisting bending, thus resulting in a section moment of inertia of 761 ft* which corresponds 

to a section modulus applicable to the strain-gage location of 11,000 ft-in?. This value of 

the section modulus has been used to convert wave induced stresses to wave-induced bending 

moments. 

10 



K) 

7-9 

7-9 

4 16 

5 21 

5 21 

= aa 

21 

Heading of 
Waves Relative| Speed 

to Ship 

Quarter 

Head 
Seas 

Quarter 
Following 

Seas 

Following 
Seas 

N 
Number of 

Variations 

per Hour 

Minutes 

Sampled| deg? 

TABLE 2 

Predicted 

Maximum 
Value for 

1-hr Operation 

Maximum 

Measured 

Peak-to-Peak 

Variation 

Quarter 

Head 

Seas 

‘Beam 

Seas 

Quarter 
Following 

Seas 

Following 

Seas 

Head 

Seas 

Head 

Seas 

Quarter 

Head 

Seas 

Following 

Seas 

10 587 27 1/2) 1.79 3.4 3.1 
14 
17 592 37_-| 2.02 3.6 3.9 

10 542 29 (| 3.52 4.7 4.3 
14 
17 298 |_ 26 1.08 2.5 3.3 

10 
14 

523 31 | 1.85 3.4 3.9 

23 (| 1.28 2.8 2.4 

aal| 
14 578 30 |26.12 12.9 11.6 

71/2) 517 27 1/2|47.32 17.2 18.0 
10 
14 583 24 56.00 18.9 15.5 

71/2| 541 38 1/2(35.13 14.9 13.9 
10 
14 577 28 1/2)47.14 L 17.3 16.5 

30 |16.78 9.9 

28 1/2|20.24 10.9 9.8 
10 296 29 |28.00 12.6 11.5 
14 302 27 ‘(|17.2 9.9 8.8 

11.8 

10.8 

11 

*The speed is the nominal speed read from a calibration curve of propeller rpm versus knots; 

7 1/2, 10, 14, and 17 knots correspond to 94, 127, 185, and 230 rpm, respectively. 

Basic Statistical Data on Pitch Angles 

z | Number of Variations 

in Sample 

from Which 

Maximum Was Obtained 

282 

Predicted 

Maximum 
Peak-to-Peak 

Variation 

Ratio 

Predicted 

Maximum to 

Measured Maximum 

1.00 

0.90 

1.16 

1.03 

0.99 

1.06 



TABLE 3 

Basic Statistical Data on Pitch Accelerations 

Sea |Significant} Heading of Ship N Minutes E Predicted | Maximum Measured} Number of Variations Predicted Ratio 

State Wave |Waves Relative| Speed | Number of|campieq|(@¢_\") Maximum Peak-to-Peak in Sample Maximum Predicted 
(Est'd)| Height to Ship Variations sec2) | Value for Variation from Which Peak-to-Peak|  idaximum to 

ft Perec | ee Mos I-hr Operation rad/sec? Maximum Was Obtained | Variation |Measured Maximum 

Head 10 704 30 =} 0.0015 0.099 0.093 352 0.093 1.00 

2 6 Seas 14 786 32 | 0.0024 0.126 0.123 419 0.121 0.99 

Quarter 10 761 32 }0.0015 0.100 0.093 406 0.095 1.02 

2 6 Head 
Seas 14 872 32 | 0.0014 0.097 0.097 465 0.093 0.960 

6 Beam 10 708 29 1/2 | 0.0033 0.147 0.144 348 0.139 0.97 

2 Seas 14 740 32 | 0.0033 0.148 0.140 395 0.140 1.00 

Quarter 
Following 

6 Seas 14 890 29 =| 0.0016 0.104 0.11 430 0.099 0.90 

Following 

6 Seas 32 | 0.00028 0.043 

26 | 0.0109 0.267 
3 7-9 Head 32 | 0.0161 0.327 

Seas 27, (| 0.0171 0.341 

Quarter 10 779 27 1/2 | 0.0022 0.121 
1/9 Head 

Seas 17 900 37 | 0.0028 0.138 

Beam ri 763 29 =| 0.0030 0.142 

3 7-9 Seas 17 760 26 =| 0.0029 0.139 

Quarter 

Following 

7-9 Seas 17 696 31 | 0.001 0.081 

Following 

Seas 17 629 23 | 0.00072 0.068 

Head 14 780 30 | 0.0222 0.384 

Seas 

21 Head 7V/2 624 27 1/2| 0.0173 0.334 

Seas 14 692 24 | 0.0308 0.450 

Quarter 71/2 615 38 1/2} 0.0140 0.300 

Head 
Seas 14 711 28 1/2} 0.0327 0.465 

Beam 

Seas 71-2 458 0.0039 0.155 

Quarter 71/2 702 0.0032 0.145 
Following 10 660 0.0023 0.123 

Seas 14 714 0.0023 0.123 

Following 71/2 524 0.0013 0.090 0.068 288 0.085 1.25 

Seas 14 470 0.0004 0.050 0.058 243 0.047 0.81 

*The speed is the nominal speed read from a calibration curve of propeller rpm versus knots; ‘ 

7 1/2, 10, 14, and 17 knots correspond to 94, 127, 185, and 230 rpm, respectively. 
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TABLE 4 

Basic Statistical Data on Roll Angles 

Sea |Significant] Heading of | ship N Minutes | E Predicted Maximum | Number of Variations | Predicted Ratio 

State Wave |Waves Relative! sooeq Number of Sampled| deg? | Maximum Measured in Sample Maximum Predicted 

(Est’d)| Height to Ship Variations Value for |Peak-to-Peak from Which Peak-to-Peak| © Maximum to 
per Hour I-hr Operation) Variation |Maximum Was Obtained| Variation Measured Maximum 

ft knots* deg 

Head 10 380 10.7 9.4 190 9.96 1.06 
Seas 14 362 10.4 10.5 193 9.80 0.93 

Quarter 
Head 13.5 13.1 219 0.99 
Seas 12.4 12.2 191 0.96 

Beam 10.3 10.6 191] 0.91 
Seas 10.6 10.3 196 0.97 

Quarter 

Following 
Seas 1.02 

Quarter 

Following 

Seas 285 

Following 
Seas 

Head 

Seas 

Head 7V2 369 27 V2 
Seas 14 398 24 rea 8 

Quarter 
Head 71V2 388 38 1/2] 75.3 21.2 
Seas 14 408 28 wos mn 3 neal 8 

Br ae & wo wo 

71/2 364 

Quarter 71/2 384 ave) 4 38.8 
Following 10 372 148 29.6 24.0 

Seas 14 360 . 114. 25.9 21.9 

Following | 71/2 
Seas 14 

*The speed is the nominal speed read from a calibration curve of propeller rpm versus knots; 

7 1/2, 10, 14, and 17 knots correspond to 94, 127, 185, and 230 rpm, respectively. 
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TABLE 5 

Basic Statistical Data on Stresses 

] i i Rati Sea Significant Heading of Ship N Minutes Predicted Maximum Measured Number of Variations | Predicted , H lo 

State Wave Waves Relative | Speed Number of Sampled E |Maximum Value Peak-to-Peak in Sanple Maximum redicted 

(Est’d) Height to Ship Variations 4 for I-hr Variation from Which Peak-to-Peak Maximum to 

per Hour (al Operation kips/in.2 Maximum Was Obtainel| Variation | Measured Maximum 
71 2 

ft knots* oe kips | 

Head 10 670 30 0.22 1.20 1.2 335 1.13 0.94 
Seas 14 784 32 0.31 1.44 15 418 1.37 0.91 

Quarter | 
Head 10 256 37 0.21 1.08 1.2 158 1,03 0.86 
Seas 14 1004 32 0.24 1.30 1.3 536 1.22 0.94 

Beam 10 } 522 29.1/2 | 0.37 1.52 1.6 257 1.43 0.89 
Seas 14 666 32 0.29 1.38 17 355 + 1.31 0.77 

Quarter 

Following 

Seas 14 640 27 0.22 1.19 1.5 288 1.11 0.74 

Following 

Seas 14 1.4 209 1.39 0.99 

10 2.6 269 2.5 0.96 Head 
3 9 ann 14 2.8 414 2.84 1.01 

17 2.9 446 2.72 0.94 

Quarter 

Head 10 0.9 396 0.81 0.90 
3 7-9 Seas 17 1.0 438 0.985 

+ ——_ 

Beam 10 0.94 243 1.02 
Seas 17 0.97 297 1.01 

Quarter 

3 Following 
Seas 17 1.0 237 0.905 

Following 

3 Seas 17 0.59 138 0.666 

Head 14 3.1 384 2.64 
4 16 Seas 

we au 3.9 265 3.96 1.02 

5 21 Seas 14 4.5 318 4.48 1.00 

Quarter 

Head 71/2 3.9 384 3.73 0.96 
5 21 Seas 14 4.0 330 4.16 0.96 

Beam 

5 21 Seas 71/2 2.7 266 2.69 1,00 

Quarter 71/2 2.0 212 2.14 0.94 
Following 10 2.3 159 2.38 1.03 

Seas 14 d 2.3 155 2.25 0.98 

Following | 71/2 325 1.90 3.3 3.6 179 3.14 0.87 
Seas 14 300 1.57 3.0 3.1 | 155 2.82 0.91 

*The speed is the nominal speed read from a calibration curve of propeller rpm versus knots; 

7 1/2, 10, 14, and 17 knots correspond to 94, 127, 185, and 230 rpm, respectively. 
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TABLE 6 

Basic Statistical Data on Heave Accelerations 

T 

Maximum Measured Sea | Significant] Heading of | Ship N sina E |, ecueeea Number of Variations | Predicted Ratio 

State | Wave | Waves Relative| Speed | NUmbet Of | sampled aximum Value) Peak-to-Peak iniSample Maxi Feet tes 
(Est’d)| Height to Ship Variations for 1-hr Variation from Which Peak-to-Peak Maximum to 

per Hour Operation Maximum Was Obtained} Variation | Measured Maximum 

ft knots* | g's? gis g's 

Head 10 448 26 | 0.0107 0.252 0.26 239 0.251 0.97 
3 7-9 Seas 14 590 32 | 0.0186 0.35 0.32 315 0.321 1.01 

17 582 27__-| 0.0221 0.37 0.37 262 0.35 0.95 

Head 71/2 433 27} 0.0221 0.37 0.51 197 0.341 0.67 
5 21 Seas 10 518 27} 0.0272 0.41 0.41 233 0.385 0.94 

14 514 24 1/2 | 0.0382 0.49 0.49 210 0.451 0.92 

Quarter 71/2 466 38 1/2] 0.0182 0.33 0.29 299 0.322 1.11 
5 21 Head 10 583 28 =| 0.0245 0.40 0.44 272 0.371 0.84 

Seas 14 565 27 1/2 | 0.0498 0.57 0.62 259 0.525 0.85 
—}—— 

ar Beam 

5 21 Seas 71/2 433 28 | 0.0143 0.29 0.26 202 0.276 1.06 

Quarter 71/2 418 32 | 0.0147 0.30 0.35 223 0.282 0.81 

5 21 Following 10 552 30 | 0.0131 0.29 0.34 226 0.267 0.78 
Seas 14 504 27} 0.0135 0.29 0.32 227 0.270 0.84 

*The speed is the nominal speed read from a calibration curve of propeller rpm versus knots; 

7 1/2, 10, 14, and 17 knots correspond to 94, 127, 185, and 230 rpm, respectively. 

Let x 
ma: 

according to Longuet-Higgins 

O= log, N. 

TABLE 7 

Constants Required for Prediction of Probable Maximum Value 

in a Sample from a Rayleigh Distribution 

6 
x 
ma 

Sample 

N 

Size 

15 

Sample Size 

10,000 
20,000 
50,000 

100,000 

N 

1000 
2000 
5000 

vo 

) 
= be the most probable maximum value of x taken from a sample containing N values of x. Then, 

ie VOVE where 9= log, N- log, i - salt - -)| . For large N, 



“
P
e
T
I
d
y
N
w
W
 
oq 

07 
Bf 

soquinu 
UOATS 

o
y
 
Y
O
T
Y
A
 
A
q
 
OT 

Jo 
J
o
M
O
d
 
o
y
 
OJOUeP 

BI-OT 
S
u
U
M
J
O
D
 

Uy 
S
y
Q
U
C
d
x
S
 
e
u
r
}
 

"BBP 
DT8Uq 

Jo 
G2Tquy 

OY) 
wos) 

VOB) 
By 

A) JO 
ONTBA 

STYL 
"Posopysuos 

UOPFpuCS 
oY} 

sepuN 
UoTjeJedo 

Jo 
snoy 

10d 
pojoo9dxe 

S
u
O
W
e
H
e
A
 

Jo 
JoquMU 

oY} 
By 

NY 

8 
U
S
A
T
D
 

w 
Joy 

‘BOs 
OY) 

0} 
BuUypBoY 

U
a
A
y
Z
 

B 
B
A
B
U
 

[TTA 
drys 

ey) 
e
M
 

Jo 
U
O
T
B
I
y
 

OLN 
BY 
&
 

*
@
B
e
1
0
A
8
 
oy) 

UO 
‘
p
a
z
0
o
d
u
e
 
oq 

[]}A 
938}8 

BOS 
U
D
A
T
S
 

B 
JEU) 

O
W
 

JO 
U
O
A
I
V
I
)
 
O
W
 
BY 
i
 

“peads pus 0)8)6 

U
O
T
O
A
I
T
P
 
P
A
B
A
 
J
U
S
U
T
W
O
P
a
I
d
 

oy) 
0} 

OAT)BIO1 
S
B
u
T
p
e
s
y
 

[]e 
Sopnjouy 

pus 
07838 

BOB 
UOATB 

& 
10j 

p
o
a
d
s
 
UoAYS 

© 
ye 

OJEFOdO 
[TTA 

drys 
ot) 

e
u
 

JO 
UOPOBIy 

OY) 
BT 

i
t
 

*a1qe) 
24) 

Jo 
S
e
s
o
d
i
n
d
 

10) 
A
j
d
d
e
 

0} 
p
o
u
n
s
e
e
 

sy 
p
o
e
d
s
 
p
o
y
w
o
y
p
u
y
 

oy) 
0} 

B
u
y
p
u
o
d
s
a
u
o
s
 
eyep 

j
e
y
u
e
w
p
o
d
z
r
e
 

ayy 
Y
O
T
Y
m
 

10} 
pus 

O1qeTTeAe 
BT 

B
B
P
 

ou 
Y
O
T
Y
M
 

10j 
S
p
o
o
d
s
 

drys 
j
U
s
s
e
J
d
e
s
 
U
W
N
T
O
S
 

SyY) 
Uy 

B
j
U
S
U
O
d
K
S
 
G
Y
]
 

‘s}OUH 
S
N
B
I
O
A
 
W
d
s
 
yyeYS 

JO 
G
B
A
M
S
 
U
O
P
B
I
G
T
T
e
S
 

B 
WoIy 

USAW) 
p
o
o
d
s
 
j
e
u
y
w
o
u
 

oy) 
s
o
A
s
 

» 
U
U
N
T
O
D
s
e
 

‘
B
O
A
U
M
 
P
a
w
O
J
-
[
]
O
M
 

JO 
dnoiB 

y
o
w
e
 

jo 
19}U2d 

ayy 
UT 

B
A
A
B
A
 
J
B
I
Y
B
T
Y
 

94) 
Jo 

ONTBA 
U
B
o
W
 
a
y
 

BuyyxB) 
A
q
 
p
a
y
e
U
s
e
 

B
e
m
 
OnTeA 

S
T
Y
L
 

"WYByToY 
A
B
M
 

JUBS};TUSTS 
p
o
z
o
u
y
}
s
o
 

oy) 
B
O
A
T
S
 
Z 
U
W
N
T
O
D
s
 

Ty00'0} 
2190°0 

|
 

699°0) 
S6"T 

1
6
 
|
 
S*Or 

|
 

0°82 |
 2°b9 

|
 9°68 

001 
[@A97] 

UaAID 
Bulpaaoxy 

SuoNereA 
Jo adeyuadiag 

(Suoljipuoo 
je 

12A0 
Sulwwns) 

1220°0} 
+
 =: 0fE°0 

19°e) 
SOT 

$92] 
6°95 

BPI |
 9bE 

€°6€S 
Jana7] 

uaAld 
Bulpaacxy 

inoH 
Jad suoneueA 

yo JaQUAN 

95°02 
e-L0'0 

|
 

800°0/ 
vhO'0| 

21°0) 
6Sb°0 |

 €28°0 
|0S6°0 

O
a
t
 

¢-£0'0) 
¢28°T| 

Ob0'0} 
L710 

|
 

STE"O} 
865°0} 

828°0 
|696°0 

162 |
 S2T°0 

02°L1 
e-10'0 

|
 

€00°0) 
€20°0 

|
 
21°) 

6
0
)
 

Ofh°0 
}EbE"0 

zoe |
 $2°0 

00°82 
e-10°0) 

¢_T6°0] 
82070} 

Z201°0} 
922°0} 

¥9S°0} 
£98°0)S96°0 

962} 
S2°0 

2°02 
£00°0} 

€¥0°0 
|
 
691°} 

Z2S%°0 |
 028°0|0S6"0 

898] 
S2°0 

82°91 
£00°0} 

220°0| 
LIT*O) 

S8€°0 
|
 282°0)¥6"0 

99) 
S2°0 

9€°0 

v
l
 

e-L0T) 
¢-9°ST] 

GIT°0} 
862°0 

|
 
99b°0} 

¥0L°0} 
816°0) 

826" 
LLS} 

0S°0 
$9°0 

E
T
S
 

e010} 
¢_9L'E 

|
 
850°) 

29170) 
8S") 

Sé9°0|) 
€68°0|226°0 

TpS| 
S2°0 

9€°0 

00°95 
e808) 

¢_€°0E] 
8910} 

8T£°0}) 
02S°0) 

OS2°0| 
0&6°0 |

 £86°0 
€85 

/SZ1°0 
i 

H 

ZE°Lb 
e801} 

=
 ¢_0°9T} 

22170} 
65270} 

L9b°0} 
SOL°0} 

026°0| 
826"0 

LTS 
|S21°0 

H 
12 

avez 
Wr 

«_0ss0] 
rar] 

3800 
iroporrfrorat| 

©
 |
 
|
 +
 | 

821 
b0'0 

Sel 
2000°0 

|
 SII“0 

801 
$20°0 

ase 
110°0 

|
 22€°0 

20°2 
¥000°0 

|
 8&1°0 

6L°T 
1000°0 

|
 Z01°0 

l 
65°6 

e—9ET'0 
|, -662°0|z_821°0 

|
 SEZ0°0} 

681°0} 
8S9°0 

29°6 
p—8ET'O 

|,_POE'O\z-0ET"O 
|
 ¥E20°0} 

681°0} 
659°0 

i
 

Se'ol 
g—612°0 

|,-8€9°0|z-902°0 
|
 OTE0"0) 

€12°0| 
089°0 

§ 

98°T 
2000°0 

|
 LITO 

89T 
1000°0 |

 £60°0 
Sle 

9-6€0'0 
|e -890°0) 

GET0°0 
|
 PeE"O ov's 

0z-69'T 
|
 

6 -0°6| 
922°C 
|
 

¢_62°1] 
8150°0 
|
 

9Zb°0 
98°T 

BI000°0 
|
 L11°0 

161 
0€000°0 

|
 vET“0 arb 

oz—SIL"0 
|
 

¢-¥02°0) 
o_119°0 
|p 
_€£€°0} 
820°0 
|
 

O1b°0 
00°F 

oz—£50°0 
|¢-P10°0 |

 g_IT1°0 
|e_b21°0} 

#8100 
|
 89€°0 

9 

(payewnsa) 
80°T 

1
 

7
 

1920°0 
QS TIT 

> 

ofl 
ofl 

oll 
of 

ee) 

uoneueA 
aenbs 

ueay d
e
 

Uol}Ipuod 
BuljesadQ 

yoeg 
Aq 

214319 

z(8ap) 
soy 

paynqujuog 
snoy 

sad 
ane 

qd 
(d-1) 

}{uoneue A jo apmiudeW 
vaAiy 

Buipaadxy 
yo Ayjiqeqoig 

jueoiy1uais 

61
 

a
a
 

a 
ST
 

ST
 

OE ss |S) 

UB80O 
ONUCHYW 

Y
W
O
N
 

ut 
Ajng 

owtyseM 
IO} 

Q[FUY 
Youd 

Ul SUOHBIIVA 
JO} UIEWV_ 

UONNGINSIG 
poyoIpeid 

JO UOTeATIOG 

8 ATaVL 

16 



00
0°
0 

£1
00
°0
 

£2
00
°0
 

£2
00
°0
 

2£
00
°0
 

6£
00
°0
 L2

€0
°0
 

Ov
10
°0
 

80
£0
°0
 

£/
10
°0
 

2220°0 

22
00
0°
0 

01
00
0°
0 

62
00
°0
 

0€
00
°0
 

82
00
°0
 

22
00
°0
 

TZ
10
°0
 

19
10
°0
 

60
T0
°0
 

82000°0 
9100°0 
££00°0 
££00°0 
100°0 
ST00°0 
9200°0 
S100°0 

10
00
°0
 

uo
ne

le
A 

ai
en

bs
 

ue
ay
 

z(
z9
8S
/p
ey
) 

q 

@
]
Q
B
]
T
e
A
e
 

By 
B
J
e
p
 

OU 
Y
o
T
Y
M
 

Joy 
S
p
a
a
d
s
 
d
r
y
s
 
j
U
s
s
e
s
d
a
z
 
u
U
M
T
O
O
 

ByYy 
Uy 

S
y
U
a
U
O
d
K
X
S
 
o
y
 T
L
 

“
p
e
t
i
d
p
m
w
 

aq 
oj 

81 
saquinu 

uaAya 
ayy 

YyoTYM 
Aq 

OT 
Jo 

J
9
M
o
d
 

ay} 
aJOUapP 

BI-OT 
S
u
u
M
]
o
o
 

uy 
S
y
u
s
U
O
d
r
e
 
o
y
 |
 

"BJBP 
ITSeq 

JO 
S9TqQB} 

Fy) 
Woy 

UIHB} 
By 

AJ JO 
ONTBA 

B
Y
]
 

“paleprsuod 
vO 

Puo 
ayy 

JapuN 
voNesedo 

jo 
snoy 

Jed 
pajoedxe 

BUOTWBUBA 
Jo 

JOquNU 
9
)
 

Sy 
AY 

‘peods 
pus 

238)}8 
Bas 

U
S
A
T
S
 

B 
410} 

‘BOS 
OY} 

0} 
B
U
I
P
B
s
y
 
UaAIZ 

e 
a
y
e
W
 

[ITM 
drys 

ay} 
awry 

Jo 
uOT}OBIy 

4
}
 

ST, 
e
y
 

*
9
3
B
1
2
A
8
 
B
U
 

U
O
 

‘paj}ozadxea 
a
q
 

[]IM 
3
}
B
}
6
 
B
I
S
 
U
S
A
T
Z
 

B 
3BY} 

O
W
 

J
O
 
U
O
N
I
B
I
 

9
y
}
 
BY 

o
y
 

‘
U
O
R
a
1
7
P
 
d
A
B
M
 
J
U
B
U
T
W
O
p
a
d
 
a
y
 

0} 
2
A
T
B
I
a
s
 
S
Z
u
p
p
e
o
y
 

[ye 
S
e
p
n
y
o
u
y
 
pus 

938365 
Bas 

U
a
A
T
S
 

B 
103 

p
a
a
d
s
 

UBATA 
B 

3B 
|
}
B
1
9
d
0
 

[[IM 
drys 

ay} 
S
W
 

JO 
U
O
N
I
B
I
y
 

Oy) 
BY 

a
l
 

2
1
4
8
}
 

ay) 
Jo 

S
e
s
o
d
i
n
d
 

410) 
Ajddwe 

0} 
p
a
u
m
s
e
e
 

By 
p
a
s
d
s
 

p
a
j
y
e
o
p
u
y
 

ay} 
0} 

B
u
y
p
u
o
d
s
e
u
o
o
 

ejep 
y
e
j
u
e
w
y
 

~dixa 
ay} 

Y
o
Y
 

JO; 
pus 

*8}]0UR 
S
N
S
I
O
A
 

wWds 
}
J
B
Y
S
 
JO 

B
A
I
N
D
 
U
O
T
B
I
Q
T
T
B
S
 

& 
W
O
J
J
 
U
B
B
}
 
p
a
a
d
s
 

P
B
u
T
W
o
U
 

9
y
}
 

- 

\B b UUMTOD ee 

"
B
O
A
B
M
 
P
2
W
y
o
j
-
[
]
9
M
 

Jo 
d
n
o
’
 

y
o
w
e
 
j
o
 
1
9
}
U
a
0
 

a
y
}
 
UT 

S
B
A
B
M
 

J
S
a
y
Z
T
Y
 

oy} 
Jo 

eNnpeA 
u
B
a
w
 
a
y
 
B
u
y
y
B
)
 
A
q
 
p
a
j
y
e
u
y
s
e
 

S
E
M
 
o
N
y
e
A
 
S
I
Y
L
 

“
j
Y
y
B
o
y
 
S
A
B
A
 
J
U
B
S
T
T
U
B
I
S
 
p
a
y
e
U
y
}
s
e
 

94} 
S
O
A
T
S
 
Z
 
U
U
I
N
T
O
D
s
 

Uv8dQ 
I
U
R
Y
 

Y
W
O
N
 

ul 
Ajnq 

eulnyIe\ 
10j 

UONVIOTOOOYW 
Yd}Ig 

Ul 
S
U
O
}
I
I
B
A
 

JO] 
U10}}eg 

U
O
T
N
G
I
N
S
I
G
 

pe}JIpelg 
JO 

uOVAIIEGg 

6 
U
T
E
a
V
L
 

1000°0 
S09 

|
 T'6L 

|e0°e6 
JaAa7] UaAID 

BuIpasoxy 
suoNeue A

 jo adeyuadiad 

$9800°0 
90E"16 

92°1h2 
OS°S9b |

 E1809 
|PE STZ 

16°89L 
apnyiuseW 

uaAly 
sulpaadxy 

snoy 
Jad 

suoijeieA 
jo JaqunN 

z1Ol 
x 

8'€l 
6100°0 

|
 89€°0 

|
 062270) 

0S6E6"0 
662° 

OLb |
 S210 

$9°0| 
preor tl 

J 
_ 

OL x 96°0 
9eI'0 

|
 OSEL"0| 

092670] 
26086"0 

Sel 
925 

|S21°0 
9£°0 

%L 
4 

4 
£100 
gee°0 
|
 

b0b8"0 
|
 

S/5670|81686"0 
958°E 
tL] 
S270 
9€°0 
at} 
40 

£10'0 
geero. 

|
 v0b8°0| 

S256°0|8T686"0 
2LL'2 

099) 
Sz"0 

82°0 
or} 

4d $0'0 
BSb'0 
|
 

928870 
|
 

€696°0|12z66"0 
T6L" 
20L| 
Sz0 
960 
KL 
dd 

9-01 x SE 
1L0'0 

1250 
|
 920670) 

£b26°0| 
09€66"0 

eLh'z 
8Sb| 

S2°0 
9£°0 

KL 
a 

z1—01™ 
IS'0)f¢_O1 

x 
8b70 

2662°0 
9€L"0 

Sp9z6"0 
|28286"0 

|96966°0| 
b2666"0 

_ 
1S9°€T 

TIL] 
0S"0 

$970] 
zror¥l 

|
 

HO 
o_O 

x SLT0°0 
9/5070 

06"0 
9€8°0 

|
 816°0 

|£8266°0| 
1286670 

E2E°E 
ST9| 

S2°0 
9€°0 

KL 
HO 

z
1
—
O
1
 

<
 800°0 

|¢_O1= 
0€°0 

82120 
£21'0 

0226°0 
|
 01286"0 

|82966°0 |
 61666"0 

2266 
269 

69°0} 
zr-ortl 

H 
o-01X 

€S°0 
0660°0 

$1950 
€598°0 

|
 2/L6°0 

|62b66"0 
|9S866"0 

$89°1 
$29|S21°0/90°0 |

 9€°0 
4L 

H 
1¢4 

o-O1X 
Let} 

——0sat"o 
8L£9'0 

9€68°0 
|£1286°0 

|1SS66"0 |
 L8866°0 

08°S8 
08L} 

OOT|TT'O} 
00'T|sr-orezhl 

|
 

H 
91 

9 
Ol * 06°0 

ore0'0 
|
 OvZS"0 |

 02870] 
0652670 

£0822 
629 

|S21'0 
OT 

proreudl 
|
 

4 
z
1
—
O
l
 

x
 8°€1| 

£8100} 
OLE°0] 

O6LL"0 
09°05 

969] 
Sz°0 

OT 
pteorzlt 

|
 
4d 9-01 
X£0'T 
61£0°0 
22p'0 
|
 

212870 
|
 

296°C 
|2b166°0 
OLS"8E 
092) 
S2°0 
0L:0|| 
“4r2T 
|
 

9-01 
Xb9'T 

8S£0°0 
vep"0 

|
 zgz9°0 

|
 €296°0| 

0L166"0 
965°91 

£9L| 
Sz°0 

0e"0 
101 

c) 
o_O 

*65"0 
1820°0 

Ob"0 
|. 6998°0 

|
 05960 

/T1T66"0 
SL9"Sb 

006] 
Sz*0 

OL0} 
=
p
 ZT |

 
HO 

6-01 X
 921 

9010°0 
12e"0 

|
 gees'o 

|
 955670 |

 0L886"0 
oy6'9I 

6LL| 
S2°0 

0e"0 
yor] 

HO 
O
l
 

x LE¥'0 
2960°0 

855°0 
998° 

|
 892670 

|91b66"0 
|95866"0 

00°01 
298|szt'0 

z€°0 
int 

H 
9—Ol 

x 8/10 
2£80'0 

8€5°0 
9580 

|
 SS/6"0 

|O8e66"0 
|SH266"0 

LES°O1 
$9/|szt‘0 

8670 
tI 

H 
0
1
x
 

110 
gszoro_| 

000"0 
S6L°0 

|
 0b96°0 

|/8066°0|1/266°0 
BPS"L 

$69 
|S21'0|62°0| 

0£°0 
101 

H 
6-L 

—
—
 

: 
—
—
s
 

4 
st_Ol%ze0 

|
 

 €1000°0 
|
 oovz'0| 

oo0c"0|zsPT6"0 
686°92 

$9 
/Sz1"0 

OT 
zr-orzbt 

|
 =
 4 

e
1
0
1
 x
 8°ET 

26100°0 
012" 

|
 e84£70] 

S6e6'0 |
 0Sp86"0 

0S9°S/ 
068] 

S2°0 
OT 

t
o
r
e
 
|
 

40 
9-0 

X £6'S 
2860°0 

69b'0 
|
 6588°0 |

 20/6'0 
|Spz66"0 

O84) 
OL |

 S2°0 
19°0 

arel 
6 

9-01 
x 
6S 

2860"0 
696°0 

|
 658870 |

 20/670 
|S¥z66"0 

65°61 
80L| 

S270 
££°0 

iol 
a 

z1_Ol 
* 8£'0 

6/000°0 
8910 

|
 9TSL°0| 

11€6°0|0Ez86"0 
099°6» 

218] 
S20 

19°0 
wt} 

HO 
z1—01 

x 9S°2 , 
82100°0 

681°0 
|
 0994°0| 

0S€6°0| 
0Se86"0 

BYE IZ 
192} 

62°0 
£670 

yor} 
HO 

O
l
 

x LS 
SS10°0 

pSE°0 
|
 S9p8°0 

|
 265670 |

 p9686"0 
SBE°22 

98L| 
S210 

1970), 
I 

H 
z1 

01 
* 95°2 

82100°0 
681"0 

|
 09920 

|
 0S€6°0| 

0se86"0 
$18°6 

0L|S2T"0|Pe"0 
|
 €6°0 

101 
H 

9 

£8100 
06/L'0 

8S°LST 
S
s
 

Iv 
lv 

> 

| 
e
e
e
 
T
E
 

soo 
|
 

zo°0 
s00°0 

|200°0 
van 

sels 
Sl 

2%) 
| 

syouy 
u 

uoljyipuod 
sunesadg 

yoeq 
Aq 

sanen 
jo| 

eugiaH 

(2988 /peu) 
payngujuog 

sno} 
sad 

0P?20S 
|
 guipeay 

|
 anem 

|
 2225 

(d-1)44uoneue A
 Jo apnyiuBew uaai5 Buipaaax3 jo Ayiliqeqold 

Suoneuen Jo requny aBerany) 
fs1ojoe4 Bunudiah 

|
 
dS 

|
 annejay 

|jueoyruBis| 
PS 

1 
: 

ra 
|
 

a1 
me 

|. 
ty 

el 
|
 at 
|
 

mm 
|
 or 

6 
L 
|
 9] 

s 
’ 

u
l
e
e
g
 
G
o
 

17 



“petidyyinw 
eq 

07 
8} 

sequinuU 
U
a
A
y
B
 
OYW 

Y
O
T
Y
M
 

A
q
 
OT 

JO 
semMod 

aty 
d}0UepP 

BT-OT 
B
u
M
N
T
O
S
 

Uy 
s
j
}
u
s
u
0
d
z
o
 
e
u
r
t
}
 

*wyBp 
o7BVq 

Jo 
BOTqQB) 

O
Y
 

WoIJ 
A
N
B
]
 

By 
A) JO 

ONIBA 
STYL 

“Ppesopysuos 
Uo 

PuoD 
oty 

Jopun 
uoABIEdo 

Jo 
M
o
y
 

49d 
poyoedxe 

SuOTETIeA 
jo 

oquiNU 
O
u
 

By 
AY 

‘peads 
pus 

938}8 
Bas 

UAATZ 
B 

10 
“Bas 

at) 
O} 

B
u
y
p
B
o
y
 
O
A
T
S
 

& 
O
F
E
W
 
I
T
P
 
drys 

o
y
 
o
w
}
 

Jo 
U
O
P
O
B
Y
 

OY) 
ST 

e
y
 

"@BBs0A8 
Oy) 

UO 
p
e
}
D
0
d
x
e
 

oq 
[]}M 

93838 
BoB 

USATS 
B 

JBY} 
SUNT} 

JO 
UOTJOBIy 

GUY 
BY 

O
y
 

‘UO}}I0ITP 
P
A
B
A
 
J
U
B
U
T
W
O
P
e
I
d
 

ayy 
0} 

B
A
N
B
I
A
!
 
B
A
U
y
P
e
o
Y
 

[TB 
S
o
p
n
j
o
u
y
 
p
u
s
 
93878 

Bos 
u
a
A
7
a
 

8 
10} 

po2ods 
u
o
A
y
a
 

w 
3B 

O
3
B
J
9
d
0
 

[]}m 
drys 

ou) 
W
y
)
 

JO 
U
O
T
E
 

O
y
 

BT 
u
a
 

2
1
9
8
}
 
2
4
)
 
J
o
 
S
a
s
o
d
i
n
d
 

4103 
A
j
d
d
s
 

0} 
p
e
w
n
s
s
e
 

sy 
p
o
o
d
s
 
p
o
y
e
o
y
p
u
y
 

o
r
y
 

07 
B
u
r
p
u
o
d
s
e
u
o
>
 

B
j
e
p
 
f
e
y
u
e
M
p
o
d
x
S
 

a
y
}
 
Y
O
T
Y
M
 

JO} 
p
u
s
 

@
[
q
e
y
e
A
w
 

By 
BVBP 

OU 
Y
O
;
Y
M
 

10) 
s
p
o
c
d
s
 

drys 
jueBeI1dos 

U
U
N
T
O
S
 

ByYy 
Uy 

B
J
U
S
U
O
d
K
S
 
S
Y
]
 

“~B}OUR 
SNss9ZA 

wids 
3J8Y8 

JO 
G
A
I
N
S
 
U
O
M
B
I
g
]
T
B
O
 

B 
W
O
,
 

UeyB}, 
p
o
e
d
s
 
y
e
u
W
o
U
 

OY) 
B
O
A
 

fF U
U
I
N
T
O
D
s
 

"
B
O
A
U
M
 
P
O
U
W
O
J
-
[
]
9
M
 

JO 
dnowd 

y
o
w
a
 
Jo 

J9}UGD 
OY) 

Uy 
G
O
A
B
M
 

J
B
O
Y
A
T
Y
 
94) 

JO 
ONTVA 

U
B
O
W
 

21} 
Buyy7e} 

A
q
 
p
a
y
e
w
y
s
e
 
s
e
m
 
o
n
y
w
A
 
a
y
y
]
 

W
Y
s
T
O
Y
 
G
A
B
M
 
J
U
B
O
B
T
U
B
y
S
 
p
o
y
w
U
y
s
e
 
1
 
G
O
A
 

Z 
U
U
N
I
O
D
s
 

6/00°0 
6810 

¥69°0 
zs°2 

18°02 
221L 

zS"16 
Z1000°0 

J@Aa7] 
waAly 

Buipaadxz 
suoneneA 

jo adeyuadiag 
~
 

(SuonIpuod 
{je 1aA0 

SuIUNS 

29¥000°0 
6620°0 

2120 
19°% 

9°8L 
B
E
 

L9Le 
JaAa7 

UaAID 
Sulpaadxg 

InoY 
Jad 

S
u
o
N
e
u
e
A
 

JO 1aQUNN 

0°09 
0 

1€000000°0 
82100°0 

££20°0 
Geet “0 

$86°0 
2£9°1 

OPE |
 S210 

$9°0] 
zrorbl 

4 

0°0ST 
2€20000°0 

05200°0 
$690°0 

£22°0 
€1S°0 

8£6°0 
196°0 

9S€ |
 S210 

9£°0 
L 

4d 

O
T
T
 

£8000000°0 
£2£000'0 

T0€0°0 
6E1°0 

Stv0 
$26°0 

$b6'T 
09€} 

S2°0 
-| 

96°0 
rAd! 

4
d
 

O'8bI 
2020000°0 

£2200°0 
2290°0 

612°0 
605°0 

8£6°0 
29S'1 

ZLE} 
S2°0 

82°0 
OL 

4d 

O°9LT 
¥11000°0 

00900°0 
£01°0 

812°0 
99S°0 

£96°0 
9
0
%
 

¥8E} 
S2°0 

9£°0 
L 

4
0
 

OTLT 
$$80000°0 

02500°0 
960°0 

892°0 
LSS°0 

€b6°0 
996°T 

$98} 
S2°0 

9€°0 
L 

g 

e°9 
0 

29000000°0 
0200°0 

£0€0°0 
112°0 

$86°0 
ves L 

80h} 
0S°0 

99°0! 
z
t
e
o
r
 bl
 

HO 

€°SL 
0 

85900000°0 
9/400°0 

$0S0°0 
$92°0 

886°0 
G60°2 

88E} 
SZ°0 

9£°0 
L 

HO 

8°68 
§200000000°0 

$20000°0 
10600°0 

¥0L0°0 
80E°0 

186°0 
O16'T 

86E |
 SZ1°0 

$9°0) 
zreorbl 

| 
oH 

O'6IT 
2S100000°0 

2S000°0 
8b£0'0 

SISt“0 
82b"0 

S260 
966°0 

69€ |
 S21°0 

90°0| 9€°0 
l 

H 

J 
CW 

0 
0 

0 
0 

0
 

0 
0 

91000°0 
SZ00000°0|26°2 

9¥0°0 
|Z0°8E 

865°0|S6°SS 
088°0 

8S°€9 
BLS} 

OOT 
|I1°O) 

O0°T 
|
 pr
e
o
r
e
a
 tT
 

H 

8ST 
0 

0 
0 

0 
6L100°0 

902°0 
SLL°0 

0b6°0 
18°21 

GSE |
 S21°9 

A
 

O0T| 
prorezZT 

4d 

£61 
0 

0 
0 

6800000°0 
$9S00°0 

99€°0 
218°0 

056°0 
99°02 

$82} 
S2°0 

001 
|
 pr
o
r
z
Z
l
 

4
d
 

over 
0 

0 
0 

21000000°0 
$sb000°0 

9b1°O 
SeZ"0 

$26°0 
6b bz 

78h} 
S2°0 

0L°0 
prLl 

q 

69 
0 

0 
0 

0 
25000000°0 

8920°0 
6S5°0 

998°0 
99°S 

092} 
S2°0 

0e°0 
0
1
 

9 

GL 
0 

0 
0 

0 
£9100000°0 

££0°0 
6L5°0 

£28°0 
22°L1 

6€€} 
S2°0 

0L°0 
o
r
l
 

HO 

s°9 
0 

0 
0 

0 
12000000°0 

£120°0 
825°0 

658°0 
csp 

602} 
S2°0 

0€°0 
o
l
 

HO 

86 
0 

0 
0 

0 
$0£0000°0 

820°0 
€59°0 

206°0 
02°S 

8bb| 
S2T°0 

2£°0 
Ll 

H 

SLT 
0 

0 
0 

2S200000°0 
$200°0 

0b2°0 
$62°0 

9r6°0 
1g°S 

00b |
 SZ1°0 

8e°0 
$1 

H 

9°02 
0 

0 
88100000°0 

865000°0 
LE0°0 

8th"0 
LL8°0 

756°0 
IL'b 

9€b |
 S210 

}62°0} 
O€°0 

O
l
 

H 

O12 
0 

0 
0 

$120000°0 
$S800°0 

¥0E°O 
$28°0 

€S6°0 
98°E1 

92€ |
 S21°0 

00'T |
 cron 

z
h
 

4d 

7
4
 

0 
0 

g—OI 
* 

S650°0 
€£80000°0 

SST0°0 
£S€°0 

Gb8°0 
096°0 

8°82 
Gee} 

S2°0 
001) 

zt‘orszbT 
40 

0°61 
0 

0 
0 

2£00000°0 
81S00°0 

892°0 
18°0 

6b6°0 
96°02 

89£] 
S2°0 

19°0 
artl 

) 

SLI 
0 

0 
0 

1£00000°0 
6200°0 

Sb2°0 
66L°0 

9660 
88°01 

88£} 
SZ°0 

££°0 
g 

0°92 
0 

0 
12000000°0 

$Z1000°0 
$1z0°0 

€8€°0 
858°0 

196°0 
9E°61 

Ove} 
S2°0 

19°0 
HO 

O'1E 
0 

0 
25200000°0 

£02000°0 
L6£0°0 

L
e
d
 

818°0 
896°0 

96°6 
gs} 

S2°0 
£6°0 

HO 

€°81 
0 

8200000°0 
$z¥00°0 

$S2°0 
$08"0 

946°0 
1€°01 

S21" 
19°0 

H 

0°61 
0 

2200000°0 
81S00°0 

892°0 
18°0 

676°0 
8E°S 

S210} 
PE°0| 

ce" 
H 

z 

payewiysa) 
$°9 

=| 
TT0 

oT 
}0z0 

|
 

0 
0 

0 
0 

0 
£120°0 

825°0 
658°0) 

+
—
_
_
—
 

suonenen 
4 

C
R
G
 

i
e
s
 
e
 

ot 
(8 

002 
oST 

OT 
0S 

of 
BT 

u
=
N
 
I
S
]
 

2(8ep) 
e
a
e
 

uol}Ipuog 
dunesadg 

yoeg 
Aq 

o
m
 

SOAeM 
JO 

i
 

(d-1)44 
uorjeue A

 yo apnyiuseyy 
uaaiy 

Buipaedxy 
yo Ayiyiqeqoig 

payngijuog 
noH 

sad 
|
 fssoyey 

BuNysian 
Pods 

|
 duipeay 

|
 
aren 

US 
SUONIENeA 

Jo JaQUNN 
aBeIaAY 

dys 
|
 aanejay 

jueoyuuais |
 

aI 
ar 

oh 
al 

21 
nT 

al 
6 

B
e
 

o
e
 

y 
g 

2 
I 

uve0Q 
O
U
S
T
 YW Y

W
O
N
 

ul 
Ayng 

ownyseM 
J0j 

a]SUY 
[[OY 

Ul 
SuUOTeIIVA 

IO] 
UID}eG 

U
O
I
N
G
I
N
S
I
G
 

poJIIpoig 
JO 

UO}BAIIOG 

Ot
 

A T
E
V
 

18 



“
p
a
t
j
d
y
m
u
 

aq
 

0}
 

st
 

sa
qu

in
u 

w
e
A
T
Z
 

|y
} 

Y
O
T
Y
M
 

A
q
 

OT
 

Jo
 

s
o
M
o
d
 

ay
) 

9}
0U

ep
P 

BI
-N
] 

S
u
W
N
y
O
S
 

uy
 

s
y
u
s
u
O
d
Z
e
 

a
u
z
t
t
t
 

"BBP 
OTSEq 

JO 
SAGE} 

BYyj 
Wosy 

UDxB) 
ST 

AJ JO 
ANIBA 

BIYL 
“Pesepysuod 

uoyjIpuod 
ay} 

JepuN 
UoT}e19d0 

yo 
M
o
y
 

sod 
pazdedxa 

suOTVeTIBA 
Jo 

soquNU 
o
m
 

By 
A
 

"
p
o
o
d
s
 

p
u
s
 

0
3
6
3
8
 

8
2
6
 

U
S
A
T
A
 

B 
10

3 
‘
B
O
s
 

34
) 

0}
 

B
u
y
p
e
o
y
 

u
o
A
s
 

& 
a
y
e
U
I
 

[[
TM

 
d
r
y
s
 

o
u
}
 

o
U
t
]
 

Jo
 

U
O
T
}
O
B
I
y
 

O
Y
)
 

BT
 

e
y
 

*
@
B
B
1
9
A
B
 

2
Y
}
 

UO
 

‘
p
d
}
D
9
d
x
e
 

2
q
 

[]
TM
 

9
3
8
}
8
 

B
A
S
 

U
S
A
T
Z
 

& 
j
y
}
 

SU
IT

} 
JO

 
U
O
T
}
O
B
I
y
 

OY
) 

BT
 

F
i
 

“UOT}IIIP GABA JUBUTWOPeld ay} 0} BATJBI[II SZutpBay []e Sapnfouy pue 9}8}8 BOs USATZ B JO} poeds UAATS & je JB19d0 {TM drys 94} aUIT] JO UOT}OBIJ 943 BT My 

*2TqB) 

ey} 

Jo 

Sasodimd 

103 

Ajdde 

0} 

pauinsse 

sy 

paads 

payeoyput 

ay} 

0) 

Buypuodseuos 

ejep 

jByuauyIedxe 

9y} 

YOTYM 

JoJ 

pus 

S@
1Q
SI
TB
AG
 

ST
 

Bj
Bp
 

OU
 

Yy
oT
YM
 

JO
} 

S
p
a
a
d
s
 

dr
ys
 

j
u
a
s
e
s
d
e
s
 

u
U
M
T
O
S
 

ST
Yy

} 
Uy

 
B
J
U
e
U
O
d
X
e
 

B
Y
 

“S
}O
Uy
 

S
N
s
s
9
A
 

W
s
 

jJ
BY
s 

JO
 

G
A
M
O
 

U
O
T
e
I
Q
G
T
{
e
S
 

B 
Wo

Iy
 

V
O
R
B
,
 

p
o
o
d
s
 

[
B
u
T
W
O
U
 

94
} 

B
O
A
T
 

} 
U
U
I
N
T
O
D
e
s
 

"B9ABM P2WJOJ-[]aMm Jo dnosB yowe jo 1a}Ue ayy UT SAAeM ySayZTYy oy} JO onjeA uBoW ay} Buty} Aq pazBwUySe GEM aNjBA BY] “JYBTOY QAM yUBSTFTUBTS poyeuy}se Oy} BOAT Z UUINTODs 

gore aoe | 9s"1 oors | cg'tt| epee | -aze [9h97] Waal Buypaeaxg suoneneA Jo aBeyvadied 

(Suonipuog jje JaA0 Buiwwng) 

09*TH1 EIT" ¥66"6 6'az | 967 | Su-9¥2| TL"Tes 60'29 —_@pnyyuBeW vaAIg Buipea9xg oy Jad suoNeNeA Jo 19quUNN 

ozeL"0 

e—01 

 8£0°0 

2820°0 

$8£2°0] 

€629°0 

/08zS8"0| 

vanz6'0 

wil 

ve 

S2LL"Ofsy—O1 x 25°T | ¢01 x 022°0 o22t"0 09080) or65°0|75928"0] pr6L6°0 880 gze |szt'0 

$s19°0 

g— 
01% 
S210 

0610°0 

BLO1"0) 

8TZe70} 

»908/°0| 

9T196"0 

981 

ove 
999°0 9-01 x 290 0820°0 QvET"0) S60%70} 0008"0| 18496"0 eeT ae 

0995"0 

601X278 

9600°0 

Q€L0'0} 

Sz1€°0| 

L2cbd"0| 

ES¥S6"0 

eve 

6bb 

0989°0 

9-01 

x 
0S*9 

0940"0 

ELLI'0| 

£9070 

| 80928"0] 

9969670 

Le 

eS 
| 
$2°0 

£68°0| 

401 

x 
$5°0 

| 
¢_O1% 

£8" 

0v92"0 

22Lv'0| 

L91L"0| 

966160] 

$2986"0 

zee 

69] 

09°0 

2118°0] 

401 

x€100°0 

| 
¢—01 

x 
80°1 

oret"o 

yzee"0} 

$2S9°0| 

1900670) 

T0E86"0 

ee 

96S 
| 
$2°O} 

2698°0) 

g_O1= 

9'IT| 

¢ 01x 

o70r 

aste’o 

0925") 

81/0 

| 960e6"0| 

e9886"0 

ogre 

061 

00¥8°0| 

,O1X 

S21°0 

| 
¢_Olx 

See 

aree"0 

a6po'0} 

_0f04"0| 

pvt670| 

89860 

1st 

195 
|$21°0| 

9070 

a2E0°0 

agpt'o| 

Ssszb70] 

$2208"0| 

Le996"0 

av'v8 

az 
| 
00°t] 

110] 

o0'T 
a 

a1—O1™ 

8070 

[01 

* ser 

orOsTovoN'| 

1290°0| 

Ezt¥9"0 

sore! 

ae 
|Szt"0 k1—-O1X  £9°2 OI 80€°0) gzt00°0| 06810] 01992"0 az"ee 6st 990°0 6-01 8€2°0 b—OT x SL"E} g8e00°0} S6rz"0| p9008"0 a $89 

9L0°0 

6-01 

20 

{0-01 

—2°Z| 
ozS00"0] 

1892*0| 

eoTs"0 

y6r01 

£08 

£990"0 

56-01% 

10° 

lo 

x 
8/°0} 

zér00°0| 

S60z"0} 

198LL"0 

60'9E 

WL 

9It0°0 

y-O1% 

8S1°0 

Je 
Ol 
x 
OE"IETTO00°0}. 

te0T"0} 

19S69"0 

6L'81 

998] 

Sz°0 

£99°0 

9-01 

28°T 

a9£0"0 

SSSI") 

BLeb°0| 

SET8*0} 

6pL96"0 

osTll 

166 

H 

219°0 

9-01X 

218 

6e40"0 

S2L1°| 

08Sb°0) 

£2280) 

81696" 

20°01 

LL 

H 

909"0 

gO 

* $29°0 

0820°0 

S60b"0| 

008°0| 

La096"0 

$9 

129 
[210] 

62°0 

H 

at 
01 
 640°0| 

901 

26100'0| 

2290°0 

96870 

99°91 

re 

ee 

or—O1*§20°0| 

9-01 

x 
€210"0| 

— 8SE0000°0} 

s0to"0 

sea'd 

owes 

aviorrzt| 

40 

ve-Ol* 

OT] 

o-O1X 

211] 

—oev000"0] 

oze0"0 

1180 

86°LE 

avt| 

4 

at-O1™ 

10] 

o-O1x 

£02] 

—_82z00'0| 

2290" 

9680 

o9'bT 

.ot] 

8 

g 
Ol 
* 
480°} 

— 
9$80000°0} 

9sr0'0 

ove'd 

aIls 

ait] 

HO 

g-01 

x $2500°0 

| 
0Sz0000"0| 

be00°0 

9280 

ar 

zor] 

HO 

12-01 

8E0°0] 

4 01 

— 
25°2 
| 

$0L000"0} 

g6e0"0 

0880 

2°22 

at] 

oH 

oe 
—O1 
* $20°0) 

g_01 

x 
£210°0 

0] 
90t0%0 

$e8°0 

o's 

H 

wa
n 

Es
e 

yt
 

uo
lj
ip
uo
d 

Bu
ne
ra
dg
 

yo
eg
 

Aq
 

pa
yn
qi
uj
uo
y 

sn
oy
 

sa
d 

Su
on

eu
eA

 
jo

 
aq
uN
y 

ad
es
aa
y 

Uv
O8
dO
 

I
N
U
T
W
 

Y
I
O
N
 

ul
 

A
y
n
g
 

e
w
n
s
e
M
 

10
) 

sd
iy

sp
ru

y 
‘y

oo
q 

ur
ey
 

oy
 

ye
 

‘S
ut
pu
eg
 

[v
uI
pm
is
u0
7]
 

0}
 

e
n
g
 

SS
eI
}S
 

[[
N]
{ 

Ul
 

U
O
N
e
I
I
e
A
 

JO
} 

u1
9E

}{
eg

 
U
O
N
N
G
I
N
S
I
G
 

p
o
o
I
p
e
i
g
 

JO
 

u
0
’
A
l
I
e
g
 

a
 

t
r
o
o
r
9
|
 t
e
o
r
9
 1¥S69°0 

92°621 

SaAeM JO o0P88dS | auipeay 

ANS 

| 
aanejay 

| yueoyiuBig 

uonewe, aienbs ueay 

z(zul/sdi4) 

q 

you asenbs sad sdiy 

4s10,9e 4
 3u1yysiam 

d-
[)
4u
on
eu
en
 

jo
 

ap
ny

us
ew

 
wa

rt
y 

Bu
ip
aa
ax
 

9
 

jo
 

Ay
ii
qe
qo
lg
 

TT
 

A
T
E
a
V
L
 

19 



DESIGN AND OPERATIONAL CONDITIONS FOR WARTIME SERVICE 

In the discussion of the statistical background, it was pointed out that the distribution 

patterns readily give the probability of exceeding any given magnitude of the motion or stress 

and that the distribution pattern can be utilized as a load spectrum for endurance strength 

calculations. In this section the methods will be applied to determine design and operational 

conditions for wartime service. These determinations are based on the following assumptions. 

1. The vessel will be operating in the North Atlantic Ocean. The observations of sea 

conditions at weather station C (52°N37°W), see Figure 2, are considered typical of conditions 

in the North Atlantic and are assumed to represent the conditions the ships will encounter in 

service. 

2. The ship operating speeds for the different sea conditions are taken to be the average 

of the estimates obtained from ship’s officers of a number of ships; see Table 1. 

3. All headings of the ship relative to the predominant wave direction are assumed equally 

likely, excepting only that seas coming approximately off the beam are considered unlikely for 

combinations of high speeds and rough seas. 

“‘LONG-TERM”’ DISTRIBUTIONS OF SHIP MOTION, HULL BENDING 
MOMENT, AND WAVE HEIGHT 

The charts of Figures 7 through 10 give the probability of exceeding and of not exceed- 

ing any given value of stress or motion if all the motions or stresses are considered to which 

the vessel is subjected over a period of a number of years. For example, only 3 percent of 

all variations in roll angle would, on the average, exceed a value of 10 deg peak-to-peak; 

see Figure 9. Figure 2 gives similar data for significant* wave heights to be expected in the 

North Atlantic Ocean. These distributions may be considered valid up to maximum variations 

of 25 deg in pitch, 56 deg in roll, 0.8 rad/sec? in pitch acceleration, and 40,000 ft-tons in 

bending moment. 

PREDICTIONS OF SHIP RESPONSE TO WAVES FOR GIVEN CONDITIONS 

It is difficult to make reliable estimates on the basis of the available data because the 

specification of the sea state and of the relative heading of the ship to the sea are somewhat 

indefinite. Nevertheless the following formulas may be used to make estimates which should 

be fairly good if the environmental conditions are similar to those for which measurements 

were made. 

The most frequent magnitude of the variation will be 0.707 VE. The average magnitude 

of the variation will be 0.886 VE. The significant magnitude (average of the upper third of the 

*The significant wave height is used to denote a sea state. It is estimated as indicated in the footnote on 

page 3. 
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Figure 7 - Long-Term Cumulative Distribution of Pitch Angle 
for Wartime Service, North Atlantic Ocean 

This log-normal distribution is computed on the basis of the data represented by the plotted points and it cor- 

responds to the following parameters (see Appendix B for calculations). 

Mean value of logo (variation in pitch angle) = 0.1227 

Standard deviation of log, , (variation in pitch angle) = 0.3898 

It is probably valid up to 25 deg. 
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Figure 8 - Long-Term Cumulative Distribution of Pitch Acceleration 

for Wartime Service, North Atlantic Ocean 

This log-normal distribution is computed on the basis of the data represented by the plotted points and it cor- 

responds to the following parameters: 

Mean value of 1oB19 (pitch acceleration in rad/sec”) = 2.4314 

Standard deviation of log 9 (pitch acceleration in rad/sec”) = 0.4895 

It is probably valid up to 0.80 rad/sec2. 

waves having the largest magnitudes) will be 1.416 VE. The most probable magnitude of the 

largest of 50 variations will be 2.01 VE. The most probable magnitude of the largest of 500 

variations will be 2.509 VE. The most probable magnitude of the largest of N variations will 

be (constant) VE where the value of the constant is given in Table 7. For large values of N, 

the constant is approximately equal to log, N. 

The values of E corresponding to various combinations of sea condition, ship speed, 

and heading are given in Tables 2 through 6. 

PREDICTION OF EXTREME VALUES 

It may be desired to estimate the largest value of ship motions or hull girder stress 
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Figure 9 - Long-Term Cumulative Distribution of Roll Angle 
for Wartime Service, North Atlantic Ocean 

This log-normal distribution is computed on the basis of the data represented by the plotted points and it cor- 

responds to the following parameters: 

Mean value of logi9 (variation in roll angle in degrees) = 0.4868 

Standard deviation of log ig (variation in roll angle in degrees) = 0.2741 

It is probably valid up to 56 deg. 

that a ship structure is expected to experience in a given number of variations or over a given 

period of time.* The cumulative probability functions plotted in Figure 4 (Rayleigh distribu- 

tion) and Figures 7 through 10 (log-normal distributions) may be used to find the probability 

of exceeding (1-P) or of not exceeding (P) a given value of the variable. 

In the preceding section a convenient formula is given for estimating the most probable 

magnitude of the largest variation out of N variations; this formula is applicable only when the 

*The average number of variations expected per hour of sea operation are given in Tables 8 through 11, column 8. 
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Figure 10 - Long-Term Cumulative Distribution of Longitudinal Bending Moment, 

Amidships, for Wartime Service, North Atlantic Ocean 

This log-normal distribution is computed on the basis of the data represented by the plotted points and it cor- 

responds to the following parameters: ~ 

Mean value of lo€19 (variation in stress in kips/in.2) = 1.6016 

Standard deviation of log ig (variation in stress in kips/in. 2) = 0.3229 

It is probably valid up to 40,000 ft-tons. 

conditions of ship speed, heading, speed, and sea are steady. The following is a more general 

approach which may be applied to any distribution provided that its cumulative distribution 

function P (z) is known. 

The following formula, developed in Reference 3, gives the fraction f of all samples of 
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size N [belonging to a given distribution specified by P (x)] which will have at least one value 

of z >, . The formula is valid only if P (z, ) has a value close to unity, that is, the 
1 1 

formula is designed to estimate the values which occur rarely. The formula is 

-N[i- P(x, )] 
f=l-e A 

or alternatively 

oy. hip) 
i eG > amo weenie: 

where [1 —- P(z,, )] is the probability of exceeding x, in the fraction f of all samples of 

size N each. Knowing [1 - P(z,, di it is easy to compute the corresponding value of the 

variable Ema" 

In order to estimate the largest values of motion and bending moments for design pur- 

poses we will use this formula to estimate the value om which, on the average, is exceeded 

by the fraction f of all similar ships during their service life. Thus f represents the risk of 

exceeding lms" 

It will be assumed that the worst combination of operating conditions is the most severe 

of those listed in Tables 1 through 6, viz., a State 5 sea characterized by a significant wave 

height estimated to be 21 ft. The values of E specifying the corresponding Rayleigh distri- 

butions are listed in Table 12. Assume that the ship will be subjected to these operating con- 

ditions for a duration of 12 hours, experiencing V variations in this period of time, and that 

this situation will be repeated n times during the service life of the ship; therefore N = nV. 

For the Rayleigh distribution we have 

-x,? /E, 
m 

fl-P@, )l=e 1 
1 

Substitution in the expression for f gives: 
2 

1 -f=exp[-e 7] where y = ar - log, N 
m 

Table 1 of Reference 9 tabulates the values of exp [-e ”] as a function of y. Thus, for a 

specified risk f of exceeding 2, one may look up the corresponding value of y and then solve 

for the desired value of 2m from the relation 

a2 = E,, ly + log, N] 
ih 

As an example consider the maximum value for the variation in roll angle. 

From Table 12: E£,, = 176 (deg)?, V = 4600 

If we take f = 0.001 and n = 10, then Reference 9 gives y = 7.0. Therefore: 

ze = [176 (7.0 + 10.74)1% = 56 deg (port to starboard) 
1 

m 
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TABLE 12 - Maximum Values of Ship Motion and Longitudinal Bending Moment 

for Use in Design Calculations 

All values given refer to the peak-to-peak variation. 

Stress 

Vv a8 2 = Boo s3 
: VD mF 62 Sen = a 

Condition for Which the Extreme Value is Predicted Number of Variations) 2Y=zi~ | => | gee Ze 
BO | oo = 3 3 

: in 12 Hours Saco 5 ees 2se ao 

aa forstety | BSE | cesu| geo | =e —_— = a PO a= a 

Significant | Direction | Shaft EB Conditions 3 2 s 2 2 = SEs & é 

Wave Height | of Seas | RPM i ie s & aj = 

Roll Angle 5 94 176 (deg)? 4600 39° 50° 56° 

Pitch Angle Ts [185 56 (deg)? 7000 2 about 25° 
LE ae 

*Roll Angle 5 94 40° 

*Pitch Angle 5 94 he \ Me 10° 

Pitch Acceleration 5 185 | 0:0327 (rad/sec2)* 8500 _ 10.54 rad/sec?| 0.78 rad/sec2| 0.77 rad/sec?| 0.8 rad/sec? 

Heave Acceleration 5 185 | 0.0498 (gravity unit)? 6800 0.66 g 1.0 g 1.0 g 

Longitudinal Bending | 
Moment H 185 | 85 x 10° (ft-tons)? 9500 28,000 ft-tons| 40,000 ft-tons| 33,000 ft-tons| 40,000 ft-tons 

Longitudinal Bending H [" 3.50 (kips/in2)2 9500 5.7 kips/in? | 8.0 kips/in2 | 6.7 kips/in? | 8.0 kips/in? 

*®This is believed to be a most severe condition of simultaneous roll and pitch. The data are taken from Figure 5b of Reference 2. 

**This estimate (32% is believed to be outside the range within which the statistical estimation is valid and therefore the value is discaried. 

{These values are nearly the largest magnitudes obtained under any conditions experienced during the tests reported in Reference 2. 

QH - Quarter Following; QF - Quarter Head; H - Head 

Maximum estimated values for the other variables have been computed similarly, taking 

f = 0.001 and n=10. They are listed in Table 12 together with the largest values measured 

at any time during the rough water sea trials reported in References 2 and 6. We will take 

the larger of the statistically estimated and the measured values as the suggested maximum 

value to use for design purposes. 

For some design problems, it is necessary to make an estimate of the extreme condi- 

tions of simultaneous pitch and roll. It is unlikely that the maximum conditions of pitch and 

roll listed in the last column of Table 12 will occur simultaneously. The most severe combi- 

nations of simultaneous roll and pitch angle, measured during the sea trials,* was 40 deg 

double amplitude in roll together with 10 deg double amplitude in pitch, see Table 12. It is 

suggested that this combination be used as an extreme condition for design purposes. 

Predicted extreme values should be used with caution because the method eventually breaks 

down by predicting too extreme a value. This occurs because, in practical application the 

theoretical distribution cannot be relied upon at the extreme ranges of the function. For ex- 

ample, the prediction of 32 deg -for the extreme value of pitch angle variation is probable 

unrealistic as nonlinear behavior of the pitch motion will probably set a lower limit than this. 

The extreme values listed in the last column of Table 12 may be used to set an interim 

upper limit to the validity of predicted extreme values. 

DESIGN LOADS FOR BOTTOM STRUCTURE TO WITHSTAND SLAMMING LOADS 

A detailed analysis of the loads, stresses, and deflection for the bottom plating of an 

AVP vessel incident to slamming has been made by Greenspon.° On the basis of the latter 
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study and photographs of an AVP during slamming,? it is estimated that the part of the bottom 

structure extending from the keel to the turn of the bilge in the forward quarter length of the 

ship may be subjected to occasional localized slamming or pounding pressures. In some 

locations within this area, the pressure attains values of the order of 300 psi. For the pur- 

pose of design calculations, the time variation of the pressure is such that it may be assumed 

to act statically. The following design loads are given as an interim recommendation: 

a. For the design of bottom panels: Assume that the pressure attains a maximum value 

which varies linearly from 300 psi at the bow to 30 psi at a distance of 0.25 L from the bow: 

Po = 300 — 1080 a ce 0.25 

where Po is the design pressure for plates, 

is the location of the plate measured from the bow in feet, and 

Lis the length of the ship in feet. 

b. For the design of transverse framing: Assume that a static uniform pressure of inten- 

sity po /2 acts on the bottom over a strip one frame space in width. 

c. For the design of longitudinal stiffeners or framing: Assume that a static pressure 

acts on the bottom plating supported by the longitudinal equal to p,/2. 

If the bottom plating is to be designed to keep the stresses within the elastic limit, 

then the simple formulas and tables of Reference 10 may be conveniently used for the calcula- 

tion of the maximum stresses and deflections in plates loaded transversely. The ultimate load 

for transversely loaded panels may be estimated by utilizing the simple method given by 

Greenspon.!! 

DISCUSSION 

The data of Tables 2 through 6 furnish a basis for working up distributions of motion 

and hull bending moment for assigned service missions of ships of this type. In the present 

instance, these basic data have been utilized to predict wartime service conditions for opera- 

tion in the North Atlantic; the procedure for making this prediction is carried out in Tables 8 

through 11, as a guide for similar analyses of other missions. It should be pointed out that 

the prediction for ‘‘Wartime North Atlantic’’ service is greatly influenced by the estimated 

operational speeds provided by the U.S. Coast Guard. Inspection of Table 1 indicates that 

the estimates of service operating speeds made by COMAIRPAC vary considerably from those 

provided by ships in service in Atlantic waters. 

It should be emphasized that the sea state is a variable which is most difficult to de- 

fine. In the present case, variability of the sea conditions, for a given sea state, has been 
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minimized by conducting the tests for a given sea state during one continuous time interval 

with the exception of the data for the State 3 Sea, for which two different time periods were 

required. The estimates of the sea state, as defined by the scale given in Reference 4, 

were made by the Weather Bureau observers who were assigned to the USCGC UNIMAK during 

the trials. In order to give a more quantitative idea of the sea state, sample stereophotographs 

together with photogrammetric analyses thereof are reproduced in Appendix C for sea states 

experienced during the trials of the UNIMAK (States 2, 4, and 5). 

Inasmuch as the evaluation of sea states made by ships’ officers and reported in Table 

1, as well as that made by weather observers during the sea tests, depended upon visual ob- 

servations, one may expect reasonable agreement in the severity of the sea as defined by the 

sea State. In any case, no better basis for making the synthesis given in Tables 8 through 11 

was available to the authors. 

The general method of synthesis utilized in this report could also be applied to data 

obtained from model tests of ships in waves rather than from full-scale test data. This would 

be a more flexible arrangement in that a wider variety of conditions could economically be 

covered by model tests than would be feasible with full-scale tests. Furthermore, the problem 

of measurement would be less difficult. 

The order of magnitude of the pressures measured on the USCGC UNIMAK were also 

experienced by a sister ship, the USCGC CASCO (formerly AVP 12), during earlier sea tests 

in 1951. The indications are that the measured pressures are typical of the loading to be ex- 

pected in heavy seas for this type of ship. 
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APPENDIX A 

SAMPLE OSCILLOGRAMS 

The two oscillograms of Figure 11a indicate the variation of pressures on the bottom 

plating with time and the consequent strains and deflections in the plate. The response to 

slamming is also indicated in the oscillograms of pitch acceleration and hull girder stress 

amidships in Figure 11e. 

The maximum peak-to-peak variations in stress measured in the keel 15 in. aft of 

Frame 23 were 3500 psi, associated with presently undefined higher modes of hull structure 

which were excited subsequent to slamming at the bow. 
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Figure 11 - Samples of Records Taken During the Tests 
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APPENDIX B 

SAMPLE CALCULATIONS 

In the derivation of the long-term distributions of ship motions and bending moments, it 

is necessary to fit a log-normal distribution to the truncated histograms computed in Tables 8 

through 11. This requires the calculation of the mean value and the standard deviation from the 

truncated data. i 

The method and tables of Reference 7 are applied in making these calculations as in- 

dicated below. In the calculations, the symbols used are: o for standard deviation, y and z 

for the parameters needed to enter Table IX of Reference 7, 2 being an estimate of the point of 

truncation. 

LONG-TERM DISTRIBUTION OF VARIATION IN PITCH ANGLE 

The mean value and standard deviation of the long-term distribution of the variation in 

pitch angle are computed from the data given in Table 8. These data are truncated at a pitch 

angle of 1/2 deg (@ = 5). 

log. 6 Percent of 

log, 6 | log. @ Measiredi | Variations 

70 #10 alli from alling 
at End of | at Center within 

Class of Class 
Class 

Interval Interval 

Variation 

deg x 10 

—oco 

0.6990 =/ 
1.0000 
1.3010 
1.6021 
1.7782 
1.9031 
2.0000 
2.1461 
2.2593 3 30.515 | 44.792 

In accordance with the procedure outlined-on page 29 of Reference 7, we have: 

y = 2N2?XN _ 30-515 (89.61) _ 9.6815 

2(ZN2)? 2 (44.79)? 

z = —1.087 (from Table IX of Reference 7, corresponding to y = 0.6815) 

g(z2) = 0.7798 (from Table IX of Reference 7) 

o = 9 = 2N® oz) - £4.79(0.7798) _ 03998 
=N 89.61 
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Theoretical percentage of truncation = 13.9 percent(from Table II of Reference 7, 

corresponding to z = —1.087). 

Mean value of  =—zs = 1.087 (0.3898) = 0.4237 = @. 

Mean value of A = 0.6990 + z = 0.6990 + 0.4237 = 1.1227, 6 = 13.26 

Mean value of @ = antilog of 1.1227 = 13.26 

Therefore the mean value of the pitch angle = 13.26 + 10 = 1.326° 

The value of the variate h corresponding to a probability of 97.5 percent is 1.96 stand- 

ard deviations greater than the mean value of h. Let this value be A,, .. Then h,, . = 

log (097 5) = 1.1227 + 1.96 (0.3898) = 1.8867, 6,, , = 77.0. Therefore the pitch angle corres- 

ponding to a probability of 97.5 percent is 7.7 deg. The two sets of values of pitch angle and 

probability (1.326 deg, 0.50), (7.7 deg, 0.975) define the straight line in Figure 7 which 

represents the log-normal distribution of pitch angle. 
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APPENDIX C 

PHOTOGRAPHIC DEFINITION OF SEA CONDITIONS 

Photographs were taken with stereo-cameras during the sea voyages at estimated 

State 2, 4, and 5 seas. Photogrammetric analysis results in wave profiles at various dis- 

tances from the centerline of the ship; see Figure 13. By use of these profiles, it is possible 

to obtain quantitative values of wave height and wave length which can then be treated statis- 

tically to determine, for example, the mean value of the one-third highest waves, commonly 

referred to as the significant wave height. 
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Figure 12a - Photograph 525F, Sea State 2 

Figure 12b - Photograph 551F, Sea State 4 Figure 12c - Photograph 515A, Sea State 5 

Figure 12 - Wave Photographs 

The stereo cameras were located 52 ft apart approximately 56 ft above the ship’s baseline. 
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