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NOTATION

B Ship beam (49 ft, 9 1/4 in.)

E Area under spectrum

L Ship length between perpendiculars (476 ft)
s

pg Weight density of sea water (64 lb/ft3 )

we  Encounter frequency

WL Frequency of wave equal to ship length, /27sg/L

w Wave frequencyw

Qe Nondimensional encounter frequency, We/WL

w Nondimensional wave frequency, w/WL
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ABSTRACT

This report presents test results for a segmented struc-
tural model of the DL-2-Class destroyer in random waves (uni-
directional and bidirectional) together with regular wave
results derived from earlier tests. Vertical and transverse
bending moments were measured at two longitudinal positions
on the model. Vertical and transverse shear forces were
measured at the quarter-point. Motion measurements (pitch
angle, roll angle, bow acceleration, and heave displacement)
were made as were pressures at two positions along the keel.

Response amplitude operators (RAOs) derived from
regular and random wave tests are compared. Neumann sea
spectra, together with the RAOs, are utilized to obtain pre-
diction curves of ship response. Maximum whipping response
for the vertical midship bending moment is augmented with the
maximum wave-induced response and compared with the conven-
tional design midship bending moment. The spectra for two
unidirectional seas whose directions are 90 deg apart were
combined and compared with the corresponding bidirectional
sea. The same procedure was applied to the corresponding
midship vertical bending moment response.

Comparison of model and prototype test results are
made by means of prediction curves.

ADMINISTRATIVE INFORMATION

The experimental investigation of the response of slender, high-

speed displacement ships in waves was originally carried out as part of the

in-house independent research program of the Naval Ship Research and

Development Center. The work reported herein was authorized by Naval Ship

Engineering Center (NAVSEC) letter F-013 0301 Serial 442-202 of 11 October

1963 and was funded by (NAVSHIP) under Task 1973 of Task Area S-F 35-422

301.

INTRODUCTION

This report is an extension of a previously reported work1 which

presented regular wave test results for a segmented structural model of a

DL-2-Class destroyer. This report compares the results of the earlier

1References are listed on page 54.
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tests with those obtained in random waves, compares the experimental results

with conventional design criteria, and compares model and prototype test

results.

METHOD

MODEL AND TEST PROGRAM

The 20-ft-long model (scale ratio = 23.8) was constructed to con-

form to the lines of a DL-2-Class destroyer and was segmented at seven

longitudinal locations. Detailed descriptions of the model and the in-

strumentation employed to record the measurements are available in

Reference 1. The applicable scaling laws are based on the well-known

Froude principle. The general properties of the model are given in Table

1 in terms of the prototype values. Figure 1 depicts the general arrange-

ment of the model, and Figure 2 is a profile of the prototype ship.

The model was self-propelled and tested in the MASK facility at

this Center in both unidirectional and bidirectional random waves at

various headings and at a ship speed of 5 knots. Table 2 is a schedule of

tests performed in random waves. Because of the size limitation of the

basin, between three and five test runs (depending on heading) were

required for each random wave condition in order to obtain equivalent full-

scale test runs of 20-min intervals. This test period was considered

necessary to adequately describe the wave and response characteristics via

spectral analysis.

MEASUREMENTS

Vertical and transverse bending moments were measured at Station 5

(quarter-point) and Station 10 (amidships). Vertical and transverse shear

forces were measured at Station 5. Motions (pitch angle, roll angle, bow

acceleration, and heave displacement) as well as pressures along the keel

at Station 5 and Station 10 were also measured. The motion and pressure

measurements reported here are for one test condition only, namely with

the model running in a quarter-head sea. Structural measurements were ob-

tained during the test conditions described in Table 2.

II I I I



ANALYSIS

Spectral analysis was employed to derive response characteristics

of the model. Briefly, a spectrum of a random process is a frequency

decomposition of the process and a plot of the mean-squared value of the

process per unit of frequency versus frequency.

One of the most important properties of a spectrum2 is that the

area (E) it encloses may be employed to estimate maximum peak-to-peak

variations of the process. The most useful aspect of spectral analysis

is in the determination of the response amplitude operators (RAOs) which

characterize response from a knowledge of the excitation and response

spectra. An RAO is a plot of the square of response per unit of exci-

tation versus frequency.

To directly compare model and prototype results or to compare them

to other ships, it is advantageous to nondimensionalize the RAOs as shown

herein. Although RAOs are useful in defining ship response characteristics,

it should be emphasized that they are valid only for the ordinary wave-

induced responses, exclusive of vibratory (whipping) responses which by

nature are transient. Accordingly, to obtain the RAO for wave-induced

response, the response records were filtered to remove the vibratory com-

ponents.

RAOs obtained from the experiments were then employed together with

theoretical Neumann sea spectra to obtain prediction curves of ship

responses. The prediction curves were then utilized to obtain the effect

of ship heading on response.

Maximum whipping response of the structural measurements were

recorded. The maximum whipping response for the midship vertical bending

moment was augmented with the maximum wave-induced response for comparison

with the conventional design midship bending moment.

SYmax = 2 ElogeN

where Y is the estimated peak-to-peak (double amplitude) variation of
max

the process and N is the total number of peak-to-peak variations in the

process.
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PRESENTATION AND DISCUSSION OF RESULTS

Figures 3 through 5 respectively show the ViRAO plots for midship

vertical bending moment, for Station 5 vertical bending moment, and for

Station 5 vertical shear force with the model running into head seas.

Three sea conditions corresponding to States 4, 6, and 7 seas were gene-

rated to determine the effect of sea severity on the RAO amplitudes. It

is evident from the figures that severity of the sea had little effect on

the magnitudes of the RAO for the conditions cited here. Accordingly,

average values of the RAOs are utilized in succeeding presentations where

several sea conditions are given for the same heading. In each figure

mentioned above as well as in succeeding figures, the )/~Ri values are

given in terms of nondimensional values and in terms of prototype values.

Also along the abscissa, the frequency is given in terms of prototype

values. Also along the abscissa, the frequency is given in terms of non-

dimensional values for both encounter and wave frequency.

Figures 6 through 38 are plots of )~iOs for the tests conducted in

unidirectional seas. Some of these figures also include R-AO plots for

tests conducted earlier in regular waves.1 Only those regular wave tests

that correspond in heading to the unidirectional random wave

tests are given on the figures. Figures 6, 11, and 16 show the

average values of the RAOs depicted in Figures 3 through 5. The VRiA

magnitudes of the random wave test results were faired at the ends in

accordance with procedures described in Reference 1 in order to be con-

sistent with the regular wave test results. The agreement of random and

regular wave results is quite evident from a comparison of the above-

mentioned figures. Even where little response would be expected, e.g., in

such cases as vertical response in beam waves and transverse response in

head seas, the correlation between random and regular wave results is

apparent.

Figures 39 through 50 are plots of YR-AO magnitudes obtained from

bidirectional wave tests. Comparison of these plots with the correspond-

ing plots for the unidirectional tests again indicates good agreement.

The plots of ship response for unidirectional waves shown in

Figures 51-65 were obtained by multiplying the RAO magnitudes by the

__ I I



Neumann sea spectra for various wind speeds to produce response spectra.

The areas E under the response spectra were determined and the )E values

then plotted. In the cases where both random and regular wave results are

shown, the agreement is excellent. This is expected of course since the

VRA0 magnitudes for both the random and regular wave results discussed

previously showed good correlation. Each figure contains experimental

points which are the root-mean-squared (rms) values obtained from the area

of the spectra generated in the tank. In general, the wave spectra were

generated so that the peak value in each wave spectra would coincide with

the nondimensional wave frequency ( w) equal to one, and the wave ampli-

tudes were varied according to severity of sea state desired based on the

Neumann sea spectra. The degree to which the energy contained in the

Neumann spectra was produced is found by comparing on the figures the rms

experimental values with the nearest rms values on the curves. In most

cases, the experimental points lie near or on the prediction curves.

Table 3 lists the experimental rms values for both wave and structural

response results obtained during the model tests. Experimental rms values

obtained for the motion and pressure responses in a State 6 sea with the

model running 45 deg into the waves are listed below:

Wave amplitude 4.57 ft

Pitch angle 1.44 deg

Roll angle 4.81 deg

Heave displacement 2.93 ft

Bow acceleration 0.133 g

Pressure at Station 5 128.8 lb/ft2

Pressure at Station 10 66.7 lb/ft2

The effect of ship heading is evident from the figures. For vertical ship

response, there is an attenuation in magnitude as headings progress to

beam waves and an increase in amplitude for transverse response.

Figures 66-71 show another means of demonstrating the effect of

ship heading on response. The prediction curves were utilized in con-

structing these plots, and the response magnitudes corresponding to

specific rms wave amplitudes were read for each available heading. These

figures clearly show that maximum vertical ship response is to be expected

in head or near head seas whereas maximum transverse ship response occurs

somewhere between headings of 45 and 60 deg.
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Figures 72 through 77 are plots of prediction curves for ship

response in bidirectional waves. These are quite similar to the correspond-

ing prediction curves derived from unidirectional wave results. This was

as expected since there was good agreement between the unidirectional and

bidirectional VR/A- magnitudes.

To determine the validity of the superposition 3 of different uni-

directional wave conditions, the energies of the different wave conditions

were added and the combined result was compared to a bidirectional wave

condition. The result is demonstrated in Figure 78 where the wave spectral

density for the State 6 sea of Case 1 (see Table 2) has been added to the

wave spectral density of Case 5. Also shown in the figure is the wave

spectrum for Case 6 which is a bidirectional wave condition. When this

wave condition was generated, the same wavemaking program that was utilized

to generate the unidirectional wave spectra for each bank was employed

simultaneously for each respective bank. The comparison of the curves is

quite good. The response spectra corresponding to the wave conditions of

Figure 78 for midship vertical moment were employed as an example of the

superposition of responses. The results (Figure 79) indicate that here

again, correlation is excellent. If the E values are compared, the error

is found to be less than 3 percent.

The sum of the maximum wave-induced midship vertical bending and

whipping moment values in terms of double amplitudes (peak-to-peak) is

shown in Figure 80 by the solid line extended by dashes. This curve was

obtained from the recorded data listed in Table 4 which indicates the max-

imum structural responses obtained from the test data. The complete dashed

line is similar to the experimental line except that the maximum wave-

induced values were derived using the formula given in the footnote to

page 3 of this report. The whipping values used to construct this line

were obtained from the curve for whipping response shown in the figure.

The extension of the lines by straight lines is based on the partial evi-

dence presented here, i.e., the three experimental points lie along a

straight line, and from other investigations.4,5 In addition to the

above-mentioned lines, the figure shows a straight horizontal line

representing the special hog to sag design moment (229, 600 ft-tons) for

the prototype ship. The intersection of the design moment line with the



experimental line occurs in a high State 7 sea whereas the prediction curve

intersects the design moment line in a low State 7 sea; hence it produces

a more conservative result. This result has also been determined from

tests conducted aboard the full-scale ship.
6  It should be emphasized here

that the whipping responses presented were obtained with the model running

at a ship speed of 5 knots. Other investigations4'5 have shown that the

whipping response increases greatly with ship speed as well as with wave

height as demonstrated herein. Thus since a State 7 sea is realizable,

Figure 80 indicates that the integrity of the ship hull girder may be

doubtful if such a sea condition is encountered during a ship mission.
7

Certainly high speeds are to be avoided during encounters with such seas.

PROTOTYPE AND MODEL COMPARISONS

To this point, the present report has been concerned with compari-

sons of model response in random and regular waves. No matter how good

such correlations may be, they mean little if the methods do not predict

prototype results. Therefore this section will compare the responses

predicted by model studies to those actually measured during sea trials.

The DL-2-Class destroyer was picked for this program because a

full-scale evaluation program was underway on one of the DL-2-Class ships,

the USS WILLIS A. LEE (DL-4) and could provide the full-scale response data

necessary to check the model prediction. The model and full-scale tests

were coordinated so that speed was essentially the same (model and proto-

type). Since most of the prototype tests were run in confused (bi-

directional) seas, the model results used for comparison were data from

the bidirectional random seas.

Sufficient data are available to compare model and prototype

responses as follows:

Bow Pressure Head Sea

Pitch Angle Head Sea

Vertical Bending Quarter-Head Sea

Roll Beam Sea

The comparisons are shown in Figures 81-85. In general the results are

quite good, particularly for pitch and roll. The greatest discrepancy
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found was that for head sea vertical bending. This is to be expected since

the wave recorder used to determine prototype sea states may indicate waves

as much as 10 percent higher than they really are. Also the ship super-

structure does carry some load which is not considered in the model. Even

with these errors, however, the model predictions are good enough to be

used to predict full-scale response.

CONCLUSIONS

The purpose of this report was to compare the results of tests run

in regular waves with those run in random waves. Because tests can be

run in random waves far quicker and cheaper than in regular waves, they

would therefore be more desirable for future tests if their results were

similar to those obtained in regular waves. On the basis of the experi-

ments conducted, it appears that:

1. The prediction curves and the square root of the response ampli-

tude operators are substantially the same for regular and random waves

and therefore more widespread use of the cheaper random test program is

possible.

2. Superposition of several unidirectional random wave conditions

may be used to produce a bidirectional wave condition.

3. The severity of the waves has little effect on the magnitude of

4. Whipping stresses must be considered in the design of the hull

girder since these are superimposed on the ordinary wave-induced responses

and in severe seas (States 6 to 7) are as much as the ordinary wave-induced

responses.

5. There is good agreement between results from these model tests

and those obtained from full-scale trials of WILLIS A. LEE.
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Figure 1 - Model of DL-2-Class Destroyer

Figure 2 - DL-2-Class Destroyer
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Figure 51 - Midship Vertical Moment Prediction
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Figure 52 - Midship Vertical Moment Prediction
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Figure 53 - Station 5 Vertical Moment Prediction
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Figure 56 - Station 5 Vertical Shear Prediction

000

000 HEAD SEAS

,000,000 - RANDOM WAVES

---- REGULAR WAVES
A EXPERIMENT

,000

,000
800

600

400

200

100

80

60

40

20

10

2,

z
0

LUz

I-

0.

Figure 55 - Station 5 Vertical Shear Prediction



100,000

S10,000 0 10,000 --
8,000 I 8,000

6,000 6,000 -SI-
w400 04,000 4,000

z zS1,000 ,000

600 600 A

400 - a00,0400

200 200

100 100

S 2 4 6 8 10 20 30 40 0 1 2 4 8 10 20 30 40 50

WAVE AMPLITUDE 'JE-HIN FT WAVE AMPLITUDE -E IN FT
Hw W

Figure 57 - Midship Transverse Moment Prediction Figure 58 - Station 5 Transverse Moment Prediction



1 2 4 6 8 10 20 30 40 50

WAVE AMPLITUDE IN FT

Figure 59 - Station 5 Transverse Shear Prediction
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Figure 63 - Bow Acceleration Prediction
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Figure 66 - Midship Vertical Bending Moment
Response as a Function of Ship Heading

Figure 67 - Station 5 Vertical Bending Moment
Response as a Function of Ship Heading



Figure 68 - Station 5 Vertical Shear Response

as a Function of Ship Heading
Figure 69 - Midship Transverse Bending Moment

Response as a Function of Ship Heading



Figure 70 - Station 5 Transverse Bending Moment

Response as a Function of Ship Heading

Figure 71 - Station 5 Transverse Shear Response

as a Function of Ship Heading
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TABLE 1

Weight Distribution and Strength Properties of DL-2 Destroyer

Station Station Station
Vertical Location of Neutral Axis Transverse Transverse

Station Section Area Moment From From Area Moment Section
or Weight of Inertia Keel Deck of Inertia Modulus

Section tons in.2-ft 2  ft ft in.2ft2  in.2_ft

O(FP)

1 41+70(Dome)

2 83+60(Dome)

3 95 121,700 20.7 17.2 86,000 4,700

4 205 136,700 21.0 15.2 146,000 7,200

5 219 152,800 18.9 15.9 202,000 9,300

6 189 176,500 16.9 16.7 253,000 11,200

7 324 187,300 16.1 16.2 278,000 11,900

8 370 203,200 15.5 15.7 312,000 13,200

9 322 182,600 14.4 15.7 364,000 14,800

10 301 189,800 14.6 14.7 374,000 15,100

11 377 181,900 14.1 14.4 373,000 14,900

12 287 168,000 14.0 14.0 385,000 15,300

13 275 156,200 14.4 13.0 352,000 14,100

14 311 127,400 14.1 13.0 297,000 12,000

15 276 104,700 14.1 12.7 265,000 11,000

16 264 69,200 11.8 11.3 212,000 9,100

17 213 39,800 10.2 10.8 157,000 7,000

18 151

19 134

20(AP) 108

4545 Displacement to DWL

130 Dome

4675 Total

nrrtrm~- ----- YI------- ------PY-Y----



TABLE 2

Schedule of Model Tests

TABLE 3

RMS Structural Response from Spectra

All values are given in terms of single amplitudes.

Vertical Vertical Vertical Athwartship Athwartship Athwartship
Sea Wave Moment Moment Shear Moment Moment SheerHeading State Amplitude Station 10 Station 5 Station 5 Station 10 Station 5 Station 5

EHw EMv EMv5 EVv5 EMA10 EMA5 EVA5

deg ft ft-tons ft-tons tons ft-tons ft-tons tons

4 2.20 8,993 2,391 64.0 876 547 6.9

6 5.49 23,672 6,839 154.1 1,665 1,012 12.2

7 10.26 33,931 10,963 227.5 2,235 1,290 16.4

6/6 5.96 23,272 6,991 161.9 3,301 1,891 22.8

22.5 6 5.15 24,905 6,686 163.9 4,533 2,400 31.8

4 2.03 8,866 2,223 62.2 5,525 3,065 39.1

45 5 4.59 19,622 5,557 126.6 12,236 4,835 75.2

4/6 3.61 13,447 3,321 95.26 7,854 4,534 58.1

6/6 5.18 18,593 5,012 126.4 9,194 5,190 65.7

67.5 6 4.63 27,825 4,356 183.9 7,924 3,719 32.3

90 5 2.78 2,537 1,033 17.9 3,696 1,298 19.7

Case Unidirectional Random Waves

Heading Sea State

1 H 4, 6, 7

2 22.5 deg 6

3 Q.H. 4, 5

4 67.5 deg 6

5 B 5

Bidirectional Random Waves

6 H 6/6*

7 Q.H. 6/6, 4/6

Note: All tests reported here are
for a ship speed of 5 knots. The
headings are defined as follows:
WAVE DIRECTION

HEAD(H)t45 QUARTER HEAD (Q.H.)

It , BEAM (B)

Heading measured with respect
to first sea state number which
was generated by the west bank;
the two wove generating banks are
90 degrees apart.

, i I I .. . ... . . .. . -, - - 11h

-- I I I I II I I ~ 1111111111111111111llllla~l



TABLE 4

Maximum Structural Response Recorded from Data

Vertical Vertical Vertical Athwartship Athwartship Athwartship
Moment Moment Shear Moment Moment Shear

Heading Station 10 Station 5 Station 5 Station 10 Station 5 Station 5

Sea State Wave Mv10** Mv5 Vv5 MA10  MA5 VA5deg Amplitude*
ft-tons ft-tons tons ft-tons ft-tons tons

Wave Wave Wave Wave Wave Wave
ft Induced Whipping Induced Whipping Induced Whipping Induced Whipping Induced Whipping Induced Whipping

4 2.20 37,731 4,528 10,648 1,610 330 32.7 3,412 2,558 4,398 4,445 35.4 22.3

0 6 5.49 85,838 15,092 32,438 6,191 610 107 5,464 3,837 8,610 8,984 59.6 44.7

7 10.26 138,661 47,163 55,715 24,762 982 315 7,092 14,242 11,230 24,425 77.6 155

6/6 5.96 98,855 16,602 38,133 6,686 699 101 18,482 14,037 13,369 7,993 124 85.4

22.5 6 5.15 99,043 16,979 30,705 4,952 686 101 15,441 9,358 14,387 5,232 135 57.4

4 2.03 45,277 3,773 5,943 842 330 20.1 45,152 8,890 24,705 4,941 261 62.1

45 5 4.59 89,611 12,263 30,952 5,200 629 81.8 51,938 15,441 28,484 12,789 310 112

4/6 3.613 62,634 6,790 18,324 2,971 458 45.3 51,470 7,954 29,646 3,488 363 49.7

6/6 5.18 89,611 16,035 33,924 5,448 648 88.1 46,323 14,505 34,587 7,848 381 83.8

67.5 6 4.63 50,182 6,792 15,105 3,467 33.7 47.8 37,666 7,954 22,234 4,941 26.4 52.8

90 5 2.78 16,319 7,358 7,874 3,764 84.3 47.8 17,312 8,890 8,662 5,058 113 59.0

Values are given in terms of single amplitudes.
**

Values are given in terms of double amplitudes.

Note: The log-decrement for the model was calculated to be 0.034 as obtained from the whipping response of the midship vertical
bending moment measurement.
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