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This report is one of a group of Ship Structure Committee Reports
which describes the SL-7 Instrumentation Program. This program, a jointly
funded undertaking of Sea-Land Service, Inc., the American Bureau of Shipping
and the Ship Structure Committee, represents an excellent example of coop-
eration between private industry, regulatory authority and government. The
goal of the program is to advance understanding of the performance of ships'
hull structures and the effectiveness of the analytical and experimental
methods used in their design. While the experiments and analyses of the
program are keyed to the SL-7 Containership and a considerable body of data
will be developed relating specifically to that ship, the conclusions of the
program will be completely general, and thus applicable to any surface ship
structure.

The program includes measurement of hull stresses, accelerations
and environmental and operating data on the SS Sea-Land McLean, development
and installation of a microwave radar wavemeter for measuring the seaway
encountered by the vessel, a wave tank model study and a theoretical hydro-
dynamic analysis which relate to the wave induced loads, a structural model
study and a finite element structural analysis which relate to the structural
response, and installation of long term stress recorders on each of the eight
vessels of the class. In addition, work is underway to develop the initial
correlations of the results of the several program elements.

Results of each of the program elements will be. published as Ship
Structure Committee Reports and each of the reports relating to this program
will be identified by an SL- designation along with the usual SSC- number.
A list of all of the SL- reports published to date is included on the back
cover of this report.
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ABSTRACT .""‘ [

, The computer program SCORES for predicting ship structural
‘résponse in waves is applied to the SL-7 container ship. The
operating conditions considered are 2 displacements, 4 sh1p
speeds, 21 wavelengths, 19 headings and 5 sea states assumlngV:‘ﬁ
both long-crested and short-crested seas. These results” con- "
.stitute a complete data bank for the SL<7 ship in the form of
both frequency responses for regular waves ‘as well as ‘rms and
other statistical response measures for 1rregular seas.i_riﬁ_h,

Comparlson is made between the computer and model tests
of the SL-7 in regular waves in predicting vertical, lateral and '
‘torsional moments, and vertical and lateral shears at two sections
and heave, pitch and roll. Regions where the theoty ‘and model
experiment do not agree have been p01nted out and some means of
'correctlon or extension of the theory is discussed.
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INTRODUCTION

As part of a continuing overall study of ship structural
loads, work has been carried out for a number of years under
support of the Ship Structure Committee [l] covering model tests,
theoretical analyses (including computer-program development),
and full-scale measurements. A particular program covering all
of these facets is presently underway with application to the
SL-7 container ship class, which represents the largest and
fastest ship of that type presently in operation. This ship is
expected to operate at high speed in the North Atlantic Ocean.

The existence of a deéveloped theory for determining ship
motions and loads in oblique waves [2], together with the computer
program [3] based upon this theory, allows the opportunity of
determining via computation the various wave loads that act on
this ship. At the same time, results of extensive model-tank
tests of this ship in regular waves are also available [4], there-
by allowing comparison between theory and experiment. In addi-
tion, a program of full-scale measurements on the operating
vessels themselves is also being carried out (see [5]1). These
sources of data obtained by different means allow an opportunity
to establish correlation between various approaches, so that
better tools for load prediction of future ships can be estab-
lished (as well as providing data for this important type of ship,
as an end product per se). '

- The successful use of a theoretical prediction of wave loads
via computer is very important for this class of ship since the
number of wave-induced structural loadings and the various con-
ditions (or parameters) is quite extensive. This is due to the
importance of the torsional moments and lateral shear forces, in
addition to the vertical and lateral bending moments, as well as
the dependence of these quantities on their particular location
on the ship. Combining these requirements with that of assessing
the dependence upon all possible wave directions, as well as ship
speed, indicates the large number of variations necessary for
determining the characteristics of the various loads affecting a
container ship. The extent of the model tests represented by
all possible parametric values for operation of this particular
ship, as well as consideration of carrying out model tests of
future container ship designs, points out the benefits that can
be obtained by application of an efficient computer program for
determining the different wave loads for such ships.

The present investigation is aimed at obtaining results
from computer computations that can be directly compared with
those of the model tests in [4] in order to obtain correlation
between theory and experiment, as well as to indicate the extent
of any deficiencies in the various methods of determining ship
loads and motions. In addition, generalized response data is




tabulated for various operating conditions of the SL-7 container
ship under different static-weight distributions, different
speeds, headings, and sea states.

The scope of the computer study includes all of the model
test conditions covered in [4], as well as an extended range of
ship operating conditions. The appendix presents data on the ,
amplitudes and phases of ship motions (heave, pitch and roll) and
loads (vertical and lateral bending moments and shears, and tor-
sion), covering 4 speeds, 2 displacements, 19 headings, and 21
wavelengths. This information is combined with wave spectra
representing 5 long-crested and 5 short-crested irregular sea
states in order to provide statistical measures of responses in
those sea conditions, which are tabulated in the appendix.

SHIP DESCRIPTION AND LOADING

The specifications of the actual SL-7 ship for purposes of
the present investigation are listed below in Table 1, with the
designation of "heave" loading corresponding to normal full load-
ing in the North Atlantic, and "light" loading corresponding to
initial load of one SL-7 container ship operating in conjunction
with a fleet of other ships. The actual information on the dis-
tribution of the static loading is given in Tables 2 and 3, which
also contain. information on the sectional vertical centers and
"roll inertia that are not ordinarily provided during design
studies. All of this information is obtained from [4], where
the tabulation was prepared for the ship in the form of 22 loading
segments. The relations between these loading segments on the
ship, the frame numbers and lines-plans stations (for 20 stations
along LBP), and the segments of the model tested in [4], are
given in Figure 1. As discussed in [4], the vertical CG position
of the ship includes the correction due to free liquid effects on
the transverse metacentric height.

The model used in the tests reported in [4] did not exactly
reproduce the conditions of loading specified in Tables 2 and 3,
but was ballasted to obtain’values as close as possible to those
values. The results obtained are given, in full-scale units, in
Tables .4 and 5, representing the characteristics for the -three
model segments in regard to the degree of matching obtained with
the model.

In order to apply the computer program of [3], it is nec-
essary to establish a distribution of loading over the 20 stations
representing the ship in regard to weight, location of sectional
CG, roll inertia of each section, etc. that would satisfy the model
characteristics if a proper simulation of the model ship, as tested,
is to be made. This was done by numerical experimentation that
produced results that satisfied the characteristics obtained in the
model, although the precise distribution over the 20 stations would
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not necessarily be the same as that on the model. Since the model
distribution over 20 stations is not known, but the total results
for each model segment do match, the non—unlque distribution of
loading obtained to represent the model is considered sufficient
for the present purposes of comparlson of results for the same.
case. -

At the same time, the design specification for the ship, as
presented in Tables 2 and 3, were used to establish the loading
distributions for the full»scale ship that will be the base .
reference conditions for predlctlon of response data under various
operating condltlons, as given in the Appendix to the present
report. The actual sectional distributions used-in the computer
program for this purpdse are given below in Tables 6 and 7.

TABLE I
SHIP CHARACTERISTICS

iength:p Overail o . 946.6 Feet (288.518 m.)

Length:,' Between Perpendiculars 880.5 Feet (268.376 m.)

Breadth: Maximum. . 105.5‘Eeet (32.156 m.)
Load Des1gnatlon C "HEAVY" ~ "LIGHT"
(for purposes of this study) :

Load Deslgnatlon: . . Normal Full Load & Initial Part Load
Specified o (Departure) . - (Departure)
Draft at LCF | 32.6 ft.(9.95 m.) ~29.1 ft.(8.86 m.)
Trim, by stern 1 0.14 ft. (42 mm.) - -1.83 ft. (.56 m.) .
LCG Aft of midship 38.6 ft.(11.75 m.)  37.5 ft.(11.42 m:)
VCG Above baseline 41.7 £t.(12.70 m.) 39.8 ft.(12.14 m.)
o, | | © 3.30 ££.(1.00 m.)  5.79 ft.(1.76 m.)
GM, Corrected for ' 2.63 ft.(0.80 m.) . 5.32 ft.(1.62 m.)

free liquids o N :
Displacement 47686 L.T. - 41367 L.T.
. (48400 M.T.) (41900 M.T.)
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TABLE [1

Estimated Weights, Centers and Gyradii .
for "Heavy" 1éad Condition

; ml ocr2 : 3 - 4 5 .

‘SEGMENT WEIGHT LCG \'/ele] K o Kyy Kzzﬁ

1 765.2 421.25  44.50 23.8 30.5 22.0

2 1847.7 355.93  33.40 24,9  30.0 22.9

3 1205.7 297,07 59.67 35.5 31.2 31.1

4 .~ 1613.4 254,73  47.96 30.6 27.6 © 20.3

5 1943.6 214.75 48.08 33.0 . 28.3 23.2

6 2379.2 174.71  44.49 34.2  28.6 24.4

"~ 7 2305.6 134.72 40.46  36.0 29.3 26.4
8 2610.8 94.72  38.31 -37.3  28.7 28.7

9 3148.7 54.73  37.75  38.2 29.2 29.4

10 3343.7 14.74 36.62 38.7 29.2 30.2

11 . 3299.0 -27.74  31.83 38.7 28.1 31.7

12 3179.2 =72.74 31.07 - 39.0 28.4 - 31.7

13 3293.3 '-109.75 43.27 41.8 29.5 31.9

14 3039.8 -147.25 45.69 45.7 33.7 36.6

15 2661.3 -194.75 ' 43.48 39.3. .26.8 32.3

16 © 2898.7  -234.10 44.73 37.9 27.3  31.6

17 ° ~ 2116.1 -275.85 50.13 35.9 25.8 29.9

18 © 1678.3 -316.15 50.57 33.4 25.5 27.6
19 . 1597.2 '-355.30 51.48  32.4 25,4 26.1 .
20 1244.5 -395.25 50.08 31.9  27.1 24.9

21 - 897.7  -429.25 44.36 23.8 20.5 18.5

22 ~ 691.3 -460.25 51.90 22.0 17.5 18.8

TOTAL - 47760.3 -38.61 42.31 37.3 215.1 215.1

! Long Tons (2240 1b)
Feet Forward of Midship
Feet Above Baseline

- Roll Gyradius, Feet

' Pitch Gyradius, Feet
Yaw Gyradius, Feet




TABLE III -

Estimated Weights, Centers and Gyradii
for "Light" Load Condition

SEGMENT  WEIGHT! LCG2 vee3 K..% K.5 K__6
ST _ XX YY Tzz

1 777.4  421.25 ~43.40 = 24.9 31.4 21.8

2 1859.9 355.93  32.88 25.3 . 30.3 22.8

3 1217.9 297.07 58.52 36.7 32.6 31.0

4 1151.8 254.73 47:36 30.0 25.9 21.7

5 1379.2 214.75  48.67 33.2  27.2 25.1

6 1844.3 174.71 44.99 33.6 26.7 25.7

7 1990.6 = 134.72 33.36 32.7 25.6 25.9

8 2429.0 94.72  35.89 35.6 26.6 28.5

9 - 2547.5 54.73  34.42 36.1 26.3- 29.4
10 . 2707.6 14.74 33.81 36.6 26.2 30.4
11 2714.9 -27.74 31.54 37.0 - 25.6 31.7
12 . 2697.9 -72.74. 31.49 37.0 25.7 3.6

13  3284.9 -109.75  42.97 42.2 30.0 31.9
14 3031.4 -147.25 45.39 46.2 34.2  36.7
15 2726.3 -194.75 41.65 37.9° 24.8  32.3
16 © 2757.4 -234.10 42.03 37.3 26.2 31.8
17 - 1631.3 =-275.85 46.21 36.8  26.1 31.0
18 : 1217.7 =-316.15 47.13 = 35.1 26.4 29.4
19 - 982.5 -355.30 41.47 32.7 24.1 28.4
20 901.2 -395.25 40.77 31.2  25.1 27.0
21 o 889.3 -429.25 44.36 24.3 21.1 18.6
22 © 682.9 -460.25 52.05 22.5 18.1 18.9

| TOTAL 41422.8  -37.43 40.26  36.7 214.8 215.0

1. Long Tons (2240 1b)

2. Feet Forward of Midship
3. Feet Above Baseline '
4. Roll Gyradius, Feet

5. Pitch Gyradius, Feet

6. Yaw Gyradius,; Feet
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TABLE VI

Welght Propertles of the
SL-7 (Heavy) used in the Computer PrOgram

Weight, ! _Vertlcal'center2

Station (long tons) of gravity, ft. Kxx’;ft'
0 (FP) 435.19 L = 2.0116 23.8
1, 900.40 9.0734 25.3
2. 1110.55 9.0884 _ 24.9

-3 1304.96 -15.5416 35.5
4 1625.78 ~10.3496 .. 32.9
5 1973.79 -.5.5316 ' 33.7
6 2323.47 . - 4.5676 35.0
7 .- 2709.73 3.3524 35.4
8 . 3024.64 4.2684 - .39.0
9: 3420.21 . 5.0194 39.9

10 3421.71 7,4784 , 38.7

11 3206.49 10.8954 39.7

12 3776.005 . 7,8594 : 40.7

13 3526.57 - 2.5356  45.6

14 2837.96 - 2.0016 42.5

15 2893.305 - 1.8436 © 39.3

16 2491.125 - 5.7896 37.2

17 ©2056.03 - 7.9736.  34.3

18 _ 1758.175 - 8.8426 33.5

.19 l '1888.51 .= 7.6116 32.5

20 (AP) . 1075.395 - 6.8986 - 23.61

1. The ship is divided into 20 segments of 44.025 ft. lengths.
The weight at each station is assumed to be uniformly
distributed over the segment and centered at the station.

2. The vertical center of grav1ty of each element is measured,
. .positive downward, with respect to the ship's overall VCG.




Station:

N
CVONAWMWNHO

[
L]

" TABLE VII

Weight beperties of . the

Weight,

-{long tons)

WO U B WNHO.

358.465
866.42-

1072.305

1229.20
1273.11
1561.22
1931.51

. 2298.655

2613.37

©2827.715
2804.37
2671.77 -

3479.65
3462.25

- 2830.20

2811.80

-2117.15

1467.80

1158.815.

1514.62

-1072.505

1

Vertical center?
of gravity, ft.

. SL-7 (Light) used in the Computer -Program

- 3.2944

-10-

6,3056
: 7;2256

- 9.8944
=10.5944

- 8.2844
- 6.5944
5.3056
4.5056
. 5.9056
7.1056

8.6056 .

5.3056

- 4.5944.
- 2.9944
- 1.7944

- 4.5944
- 6.7944
= 2.1544
- .7944
= 9.2944

K __,
xx'

25.26

25.30 -

35.40
33.50
33.20
33.60
32.92
35.09
36.33
36.84
37.00
38.65
45.50
42.57
37.90
36.98
35.64

'34.10

32.00
23.00

ft .

24.90

The ship is divided into 20 segments of 44.025 ft. lengths.
The weight at each station is assumed to be uniformly -
distributed over the segment and centered at the station.

-The-vertical center of gravity of each element is measured,
positive downward, with respect to the ship's overall VCG.



EXPERIMENTAL DATA

The experimental data obtained in the model tests in [4]
included vertical and lateral bending moments, vertical and
lateral shear forces, and ‘torsional moments, measured at both
midship and at the forward cut at Frame 258. Measurements were
also made of the motions of heave, pitch, and roll, as well as
the rudder angle. All results are presented in transfer function
form, i.e., amplitude and phase, with the amplitude referred to
the wave amplitude tested (response per unit wave amplitude) and
the phase referred to the midship vertical bending moment. Pos-
itive wave elevation was defined in the experiments to be positive
downward which is opposite to the convention used in [2] and [3],
and results in some complication in reconciling phases between
theory and experiment. -

The main regular wave tests were carried out over a speed
range of 23-32 kt. covering all headings (based on symmetry con-
siderations) between 0° (following seas) and 180° (head seas), in
30° increments. Insufficient data were obtained for beam seas to '
characterize the responses for that case, due to e€xperimental’
difficulties, and hence no comparison between theﬁry and experiment
is made for that case. Torsional moments are measured in the model
experiments about an axis located 23.3 ft. (fuli scale) above the
baseline in the centerplane. This data, together with data on the-
lateral shear force (amplitude and phase), cag/be used to obtain
values of the torsional moment about any othgr axis located at
some vertical distance relative to this reference. An application
of this procedure would be to obtain the torsional moment about
the "center of twist" or shear center, which is normally located
below the baseline. Information of this nature can be obtained
from the computer program calculations as well, but will be
restricted herein to the test measurement reference condition
for purposes of comparison of theory. and experiment.

Certain special tests wére also made (in order to isolate
some effects) that are not usually made in the course of exper-
imental studies in order to assist in correlating theory and
-experiment. These tests included forced rudder oscillations,
with measurements of the roll angle, lateral shear and bending
moment, and torsional moment (in regard to amplitude and phase
relative to the rudder oscillation) in order to isolate the
rudder effects on those quantities. BAnother special test pro-
vided roll extinction records, which are the basic data from i
which linearized roll damping coefficient estimates are made for
use in the computer program [3].

, The roll extinction records in Figure 4 of [4] for both the
heavy and the light configuration, at 28 kt. forward speed, were
analyzed in order to obtain values of roll damping for the ship.
Results for the light configuration were more linear (i.e. closer
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to exponential decay with time) than the heavy case, with the
heavy configuration being primarily damped in nonlinear fashion.
These records were analyzed on the basis of the roll damping being
represented as a combination of linear and quadratic nonlinear
damping, and the coefficients found for each elemental term (see
[6] for illustration of a similar type of analysis). The separate
linear and quadratic damping values were combined, in terms of the
expected range of roll angles, to produce a final estimate of
equivalent linear roll damping for the ship in each of the two
displacement conditions. These values were
Ly = % = 0.10 for the light configuration, and z_ = 0.09 for the
c .
heavy configuration, with the assumption that these same values
are applicable over the entire speed range of 23-32 kt. in the
regular wave tests of [4]. They are used in the computer program
also in carrying out calculations for comparing theory and experi-
ment.

COMPARISON OF THEORY AND EXPERIMENT

All of the comparisons between theory and experiment are
made using the sign conventions, etc. of [4] so that the experi-
mental results shown in the accompanying figures are duplicated *
in this report from those in [4]. Other information presented
in this report, in the form of spectral response results given in .
Table 8 and also in the Appendix, which represent the data bank
for SL-7 responses as determined from theory, are presented in
terms of the conventions of [2] and [3]. All of the conditions
covered by the experimenters in [4], which is then equivalent
to about 170-180 different sets of frequency. responses (both
amplitude and phase) have been theoretically evaluated with the'\
digital computer program. Only a limited number of plots showing
representative comparisons between theory and experiment are
presented in order to illustrate the results. : '

The application of the theory of [2] to predict the loads
and motions of the SL-7 ship is expected to provide answers that
are generally in good agreement with the experimental data. This
is based upon the previous successful applications of the ‘theory
in [2], the slender fine form of the ship which is closer to the
requirements of a long slender body for application of strip
theory, and various other (unpublished) applications of the theory
and program to different ship forms. -

While the major aim of this study is the determination of
wave loads, information on the correlation between theory and
experiment for the measured ship motions is also useful in
providing insight into the capabilities of the basic theory
since the motions are significant elements in determining the
loads. The measured ship motions in [4] are the heave at Frame
124 (582.5 ft. aft of the forward perpendicular), the pitch ’

-12-




angle and the roll angle. To compare the measured heave with the
theory, the predicted heave was combined with the predicted pitch
to give the resultant heave at Frame.l1l24. Typical heave results
are shown in Figures 2 and 3. The agreement, unexpectedly, is
not good. On the other hand, typical results showing the very
good pitch comparison are displayed in Figures 4 and 5. . This
level of agreement between theory and experiment in pitch was
maintained for all headings, speeds, and displacements.

It thus did not seem reasonable that the heave at Frame 124.
was being contaminated by the pitch. To demonstrate this, the
measured heave of Frame 124 was combined with the measured pitch
to give the measured heave at the ship CG in Figure 6, to which
theory was again compared. Again, the theory and experiment are
not in agreement. It is commonly accepted in the limit of long
waves (A/L>>1) that the ratio of heave amplitude to the wave
-‘amplitude approaches 1.0, which is not the case for the present
heave measurements. It is impossible to be definitive inasmuch
as the SL-7 is operating in a higher speed regime than in the
speeds used in the validation of the theory [2], but it appears
possible that the heave measurements are in error. This possi-~
bility has been acknowledged by the experimenters, and it is _
their belief that if an experimental error exists it would be a
systematic error in heave alone. The possibility was indicated
that a factor of two (2) could arise in a dial setting so that
all measurements of heave might then be multiplied by a factor
of one-half (0.5). If this were the case, the agreement between
theory and experiment would then improve. : '

Typical roll comparisons are shown in Figures 7 and 8, and
can be seen to be poor. This may be due primarily to the fact
that roll damping is probably nonlinear, and hence it is not
pProperly represented in the present theory of [2] and [3]. These
results are for the heavy configuration where the combination of '
linear and nonlinear roll damping is replaced by a probably too
large assumed equivalent linear damping, as discussed in the
preceding section of this report. An illustration of the results
for the light configuration, where the roll damping was close to
linear, is given in Figure 9. 1In that case it can be seen that
better agreement between theory and experiment is obtained, there-
by providing further evidence of the significance of nonlinear
roll damping on ship response. The limited number of conditions
tested for determining roll responses does not _allow a complete
géeneralization of these results, but only points to the need for
more refined methods of predicting roll motion as well as the
'various ship wave loads that are significantly influenced by roll.

The comparison between the theory and experiment in pre-
~ dicting thé loads on the SL-7 are shown in Figures 10-57. These
figures show the variation of particular wave loads as functions
of wavelength, for different speeds and headings, ang for the two
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different displacement conditions. The comparisons - given there
are presented in the following sequence; midship vertical bending
moment (Figures 10-21), midship vertical shear(?igures 22-33),
midship lateral shear (Figures 34-41), midship torsion (Figures
42-49), and midship lateral bending moment (Figures 50-57). On
the whole, the lack of consistent agreement is disappointing,
especially in view of the good agreement shown in [2] as well

as in several subsequent (but unpublished) applications of the
theory and program in [2] and [3]. In the vertical plane, the
theoretical results are for the most part lower than the experi-
mental results. An examination was made to see if this difference
were due to the influence of higher forward speed (Froude Number
effect), as shown in [7] for the case of motion in head seas.

The equations used in [7], which are similar to those in [2], also
contain some additional terms in the coefficient definitions that
-could possibly influence the. predicted results. Those same
coefficient changes were incorporated into the program of [3] and
computations repeated for a few different cases. The results
obtained with the other theoretical model were almost exactly the
same as those found from the original theory and program of [2]
and [3].

The situation in regard to the comparison between theory and
experiment becomes more evident in the case of following and near
following seas, whére the ‘theory is considered to be tentative due
to the low encounter frequencies. ~-The limitation of present
theory is known for this case of low encounter frequencies since
the basic strip theory treatment is primarily valid for higher
encounter frequencies. As most of the important applications of
ship motion and load predictions have generally been associated
with head sea operation, little concern was devoted to the follow-
ing (or near following) sea operating conditions and hence this
basic limitation has not been emphasized in ship motion literature.

Some insight was gained into the cause of this lack of agree-
ment by decomposing the midship vertical bending moment into its
constituent elements. It was found that the vertical added mass
term contribution to the total bending moment is much larger in
the case of following seas than in head seas, which was an un-
expected result since the added mass term enters the equations
of motion in association with an acceleration term and the fre-
quencies are much lower. in following seas than in head seas. The
explanation is related to the theoretically infinite behavior of
the two-dimensional vertical added mass as the frequency approaches
zero. . Since the added mass should play a minor role for low fre-
quencies, it was decided to set the added mass identically to zero
in the program and repeat the calculations for the following seas.
The results shown in Figures 58-61 demonstrate that deletion of
the vertical added mass term improves the agreement between theory
and experiment. The fact that the vertical bending moments and
shears are increased with the added mass term deleted is a result’
of phasing. The results for the motions of heave and pitch were
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not altered significantly in the computations with this vertical
added mass term modification since the encounter frequencies for
those cases were low and also far from the natural resonance fre-
quencies for those modes of motion. Similar computations were
carried out with the vertical added mass. set equal to a constant
value, with that constant value corresponding to the value at the
"limit of infinite fréquency,; which is easily determined from the
section properties. 1In that case also there was an improvement
in the agreement between theory and experiment, although the
results were not as satisfactory as in the case where the vertical
added mass was identically set equal to zero.

As far as the comparison between theory and experiment in
the horizontal plane is concerned, there is no particular known
limit condition that is not satisfied which would enable a
judgement of consistency in the computed results to be made. Any
disagreement might be ascribed to the fact that roll damping is
probably nonlinear, and its representation within the computer
program (and theory) is not altogether proper. Investigation was |
made in [4] of the effect of the leeway angle change caused by |
- the rudder, and it was concluded that its effect on the experi-
mental results was too small to be of any significance. Simi-
larly the influence of the rudder on the wave loads in the
horizontal plane (lateral bending moment, lateral shear, and
torsional moment) was not large enough to affect significantly
the experimental values that are used for comparison with theory.
Typical results obtained for the various lateral plane wave loads
are shown in Figures 34-57, where it is seen that the agreement
tends to be fairly good for the case of the light loading con-
dition and notias good for the heavy loading. condition. Certain .
cases for the light loading also showed large differences between
theory and experiment, and in all cases where there was a lack
of agreement for the loads the same situation was found to be
true for the case of roll motion. The particularly large dif-
ferences occurred in a region corresponding to roll resonant
response, which is primarily due to the influence of nonlinearity
in the roll damping discussed previously. Thus it appears that
an adequate prediction of the various lateral plane wave loads
is highly dependent upon the adequate representation of ship ‘roll
response with nonlinear roll damping, which is not treated in the
present developments in [2] and [3].' The influence of rolling on
torsion, for example, has been illustrated in the work of [8] and
similarly, the effect of rolling on the lateral bending moment
computation is shown in [9]. Both of these cases provide further
-verification of the significant effect of proper roll motion
representation.

Another method of comparison between theory and experiment
is by means of determining the rms value of particular motions
and loads when assuming the ship to be in various irregular seas.
The particular sea states considered are those described by the
Pierson-Moskowitz spectra covering a range of significant wave
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heights from 10 ft. to 50 ft., in steps of 10 ft. The values from
experiment that were used in this computation were the Response
Amplitude Operators (magnitude of frequency response) which were
then squared, multiplied with the assumed wave spectra, and
integrated to determine the appropriate rms value by means of the
technique of linear superposition [10]. &Extrapolation and inter-
polation of the measured data were performed when necessary, and
in addition a cosine-squared spreading law was applied to predict
the statistical response for assumed short-crested irregular seas.
Since no experimental results were presented in [4] for the case
of beam seas, only the responses for head and following conditions
in short-crested seas were determined. All of those results. using
the experimental data to derive the statistical measures for dif-
ferent sea states are considered to be the "measured" values
representing the experimental results.

The 1ntegratlon over the heading angle variation for these
short-crested sea responses for the experlmental data used a
spacing of 30° for the heading angle variation, which is generally
considered to be somewhat coarse. The theoretical evaluations of
rms responses in short-crested irregular seas was carried out using
21 wave lengths and 19 different headings of 10° spacing to deter-
mine those results. All of the final rms results for the range of
speeds, model configurations, etc. for the two basic:headings, head
and following, in short-crested irregular seas are presented in
Table 8. Examination of the values in this Table shows that the
agreement between results from theory and experiment is much better
for the head sea conditions than for following seas, when con-
sidering all cases. This conclusion holds for all of the varlous
measured quantities presented in Table 8, covering the main
responses of interest. The results for the following sea con-
dition show some significant differences, for a number of con-
ditions, which can be ascribed to the effect of the difficulties
encountered at low frequencies of encounter for the vertical plane
loads and the influence of nonlinear damping and poor roll pre-
diction in regions near roll resonance for lateral plane responses.
These influences have been discussed previously. However, in a
number of cases, the differences were not as significant when
considering rms values as in the case of frequency response, due
to the various aspects of integration, smoothing, etc. over ranges
of frequency and heading. A possible influence of the more coarse
heading variation and the lack of significant experimental data
for frequency response in wave conditions for the larger sea
states may also have some influence affecting the closeness of
this comparison. ’ ‘

Although it is seen from all of the above that the presently
developed theory and computer program in [2] and [3] have certain
limitations for particular operating conditions (e.g. following
seas, nonlinear roll influence, etc.), the existence of the
program does allow predictions of motions and loads in different
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TABLE VIII.
- Comparison. Between Theoretical and Experimental
‘R.M.S. Responses in Short-Crested Seas

‘Heading.=..0°
Speed‘=i25‘kt

10 20 - 30 - 40 50
: . ~Pitch - Deg.
Theory (Heavy) - .1284 -~ .558 .999 1.369° 1.679
| (Light) .1359 .5760 1.022 1.394 1.704
Experiment (Heavy) .1164 .556 .9926 1.284. - 1.464
(Light)  .1254 .5594 .9668 1.237 1.403
e _ Vertrcal Bendlng'Mbment (mldshlp) ft. tons
Theory (Heavy) 2.622E4 .8035E5 1.175E5 1.407E5 1.559E5
(Light) - 2.607E4 -773E5 . 1.122E5 1.339E5  1.482E5

Experiment (Heavy) 4.2742E4 1.501E5 2.216E5 2.623E5  2.860E5
(Light) 4.511E4 1.399E5 1.998E5 2.324E5 2.51E5

Lateral Bending Moment (midship)-ft. tons

Theory (Heavy) 2.139E4 4.195E4 5.243E4 5.860E4 .628E5
o (Light) 1.985E4 4.006E4 - 5.073E4 5.707E4 6.132E4

Experlment (Heavy) 3.451E4 7.094E4 8.846E4 9.778E4 . 1.031E5
' (Light) 2.685E4 5.567E4 6.737E4  7.264E4  7.537E4

Lateral Shear (ﬁidship)-tons:

“Theory (Heavy) 1.247E2 . 2.204E2 - 2.617E2 2.829E2  2.955E2
(Light) 11.8E1 2.046E2 - 2.415E2  2.602E2 2.711E2.
Experiment (Heavy) 1.312E2 3.057E2 = 3.945E2  4.398E2 - 4.650E2
(Light) 7.707EL  1.794E2 2.248E2 ' 2.45582  2.563E2

o Vertical Shear (midship)-tons

' Theory (Heavy) 1.116E2 1.713E2 1.897E2 1.986E2  2.042E2
- (Light)  ° 1.250E2. 1.912E2 ° 2.114E2 2.208E2 2.267E2

Experiment (Heavy) 1.893E2 4.145E2 5. 054E2 5.467E2  5.677E2
o (Light) 1.814E2 3.893E2 4.729E2 5.101E2  5.243E2 .

. , - y . Roll'i'Deg. - :
Theory (Heavy) ©1.832 - 5.324 7.875 . 9.634 10.854
(Light) l.462  3.791 5.149 5.939 6.441
Experiment (Heavy) 2.201 7.027 | 9.902 11.468 12.359
s : 12.221 5.118 6.470 7.111 7.450
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TABLE VIII
(Continued)
Compatrison Between Theoretical and Experimental -
R.M:;S. Responses in Short-Crested Seas

Heading = 0°
" Speed = 25 kt.

- Significant Wave Height, ft.

10 20 30 0 40 50
ST ' TorsiOn'(aboutfé;gif midShip)éft; tons
Theéry (Heavy) 3.524E3 - 9.979E3 14.505E3  1.753E4 ' 1.963E4
: "~ (Light) - 3.651E3 8.802E3 11.597E3 13.145E3 14.085E3
Expériment -(Heavy) 1.834E3  6.495E3  9.373E3  1.091E4 ~1.178E4
T (Light) 2.056E3 5.266E3 6.793E3  7.519E3  7.902E3
' Heave ‘(at c.g.)-ft.

Theory (Heavy) .275 1.641 3.766 6.185 8.748

- (Light) .289 1.701 3.860 6.298 8.871

Experiment (Heavy) .509  2.973 6.014 8.218 9.620

(Light) .511 2.976  6.016  8.220  9.622

. 'Vertical'Shear'(Frame‘ZSSthops

Theory (Heavy) 1.400E2 3.763E2 5.266E2 .618E3 .678E3
(Light) 1.410E2 ~ 3.693E2 5.124E2 5.124E2 .656E2
Experiment (Heavy) 1.921E2 6.036E2 8.683E2 1.019E3 1.107E3
(Light) 1.867E2 5.82E2  8.312E2 9.710E2  1.052E3

' ' Vertical Bending Moment (Frame 258)-ft. tons
Theory (Heavy) 1.949E4  4.541E4 .618ES5 .719E5 .785E5
(Light) 1.947E4 4.409E4 5.920E4 6.849E4 .746E5
Experiment (Heavy) 2.068E4 7.075E4 1.050E5 1.247E5 1.362E5°
(Light) 1.538E4 5.575E4 8.350E4 9.957E4 1.090E5

7 Lateral Shear (Frame 258)—;on§
Theory (Heavy) 1.028E2 1.916E2 2.334E2 2.563E2 2.708E2
(Light) .948E2 1.774E2 2.167E2 2.382E2 2.518E2-
Experiment (Heavy) 1.289E2 2.563E2 3.089E2  3.343E2 3.48lE2
(Light) 1.051E2 2.110E2 2.578E2 2.814E2 2.947E2
o ' Lateral Bending Moment (Frame 258)-=ft. tons

Theory (Heavy) '1.235E4 2.7E4 3.537E4 4.051E4  4.401E4
(Light) .~ 1.241E4 2.766E4 3.632E4 4.153E4  4.502E4
Experiment (Heavy) 2.043E4 4.678E4 5.711E4 6.155E4 6.381E4
(Light) 1.308E4 3.336E4 4.267E4 4.698E4  4.924E4
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TABLE VIII
(Continued)

Comparison Between Theoretical and Experimental

R.M.S.

Theory (Heavy)
(Light)

Experiment (Heavy)
(Light)

Responses in Short~Crested Seas

‘Heading =..0° .

' Speed = 25 kt.

Significant Wave Height, ft.

10 20 30 40

50

Torsion (about c.g., Frame 258)-ft. tons

4.907E3 1.373E4 1.998E4 2.419E4
4.623E3 1.148E4 1.527E4  1.739E4

4.513E3 1.572E4 2.234E4 2.587E4
4.999E3 1.288E4 1.696E4 1.911E4
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TABLE VIII
(Continued)

Comparison Between Theoretical and Experimental
R.M.S. Responses  in Short~Crested Seas

Heading = 0°
- Speed = 30 kt.

, Significant Wave Height, ft.
10 .20 30 40 50

Theory (Heavy)

Vertical Bending Moment (midship)-ft. tons
Theory (Heavy) 2.158E4 .552E5 . 784E5 .935E5 1.037E5
_ ' (Light) 2,148E4 .535E5 .748E5 .885E5 . 978E5
Experiment (Heavy) 4.401E4 1.520E5 2.240E5 - 2.648ES5 2.890E5
(Light) 5.094E4 1.452E5 2.045E5  2.372ES 2.557E5
, - Lateral Bending Moment (midship)-ft. tons
o Theory (Heavy) 1.924E4 3.948E4 5.086E4 5.800E4 6.301E4
' (Light) 1.856E4 3.844E4 4,962E4 5.657E4 6.139E4
'Experiment'(Heavy)' 3.428E4 6.537E4 7.767E4 8.372E4 8.71E4
(Light) 2.247E4 5.486E4 6.990E4 7.703E4 8.080E4
_ ‘ ' - Torsion (about c.g., midship)-ft. tons '
" Theory (Heavy) 3.948E3 10.218E3 . 14.199E3 1.679E4 1.857E4 .
(Light) 4.071E3 8.471E3 10.691E3 11.921E3 12.681E3
Experiment (Heavy) 2.288E3 6.860E3  9.766E3 1.139E4 1.232E4
(Light) 2.791E3 6.127E3 7.704E3 8.455E3 8.852E3
o . Lateral Bending Moment (Frame 258)-ft. tons
Theory (Heavy) 1.245E4 3.110E4 4.145E4 4.696E4 5.013E4
(Light) -1.325E4 2.948E4 3.896E4 4.486E4 4.890E4
Experiment (Heavy) 2.037E4 5.059E4:'.6;253E4 6.764E4 7.023E4
‘ (Light) 1.363E4 4.249E4 5.601E4  6.233E4 6.564E4
Torsion (about c.g., Frame 258)—£t. tons
Theory (Heavy) ., 1.871E3 .417E4 .532E4 .603E4  .662E4
(Light) 5.218E3 1.115E4 1.419E4 1.589E4 1.695E4
Experiment (Heavy) ' 5.103E3 1.660E4 2.395E4 2.822E4 A 3.074E4
(Light) 5.927E3 1.523E4 1.983E4 2.217E4 2.347E4

Vertical Bending Moment (Frame 258)-ft. tons

8.959E4

11.127E4

1.214E5

(Light) 3.695E4 1.272E5
Experiment (Heavy) .
) (Light) 1.712E4 5.8B7E4 8.738E4 1.038E5
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TABLE VIII
(Continued)

Comparison Between Theoretical and Experlmental
Responses in Short-Crested Seas

R.M.S.

Tﬁeory (Heavy)
(Light)

Experlment (Heavy)
(Light)

Theery (Heavy)
(Light)

Experlment (Heavy)
(Light)

Theory (Heavy)

i (Light)

- Experiment (Heavy)
(Light)

M

Theory (Heavy)
‘ (Light)

Experlment (Heavy)
(Light)

Theory (Heavy)
- (Light)
Experiment (Heavy)
(Light)

" Theory (Heavy)

(Light)
Experiment (Heavy)
. (Light)

Heading =..180°

Speed = 25 k.

)20.

30

40

50

" pitch - Deg.

1.077
1.061

1.007
1.007

.1961
.1991

.1904
.1904

1.846
1.811

1.714

1.714

2.394
2.349
2.157
2 157

2.801
2.750

2.423
2.423

" tons

4, l73x10“ 1. 209x105 1. 636x105 1. 871x105
1.104x10° 1.454x105 1.644x105

4.093x10"%

5.166x10% 1.590x105
4. 617x10“ 1.416x10°5

2.255x10°
2.002x105

2.613x10°5
2.316x105

Lateral Bending Moment (midship)~ft.

2.015x10°
1.710x10°

2.814x10°
2.493x10°

tons

2. 376x10“

3.175x10" 6.388x10"
2.639x10% 5,.325x10%

6.411x10"%

©2.486x10% 5.717x10% 7. ,333x10% 8.170x10%
5.300x10% 6.710x10% 7.423x10%

7.646x10%

8.207x10"%
6.898x10"

Lateral Shear'(midship)-tons

.795x102 1.313x102 1.493x102 1. 572x102

.756x102 1.215x102

1.024x102 1.666x102

1. 375x102

1.858x102

1.445x102

- 1.075x102 1.807x102 2.033x102 2.124x102

1.935x102

Vertical Shear (midship)-tons <

 1.722x102 4.617x102
'+ 1,918x102 5,121x102

2.055x102 4.240x102
2.055x102 4.240x102

Tor51on ‘(about

6.005x102
6.662x102

5.131x102
5.131%102

6.672x102

7.410x102

5.548x102
5.548x102

8.656x10"
7.827x10"%
8.496x10%

7.150x10"%

1.614x102

1.484x102

2.169x102
1.972x102

7.672x102
7.824x102

5.770x102
5.770x102

c;g.;'midsh;p)-ft. tons

1.481x103 2.962x103
1.670x103 3.028x103

1.970x103 3.351x103
2.062x103 3,515x103
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3.641%103% 4.052x103 4.422x103

3.867x103

3.795x103
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5.064x103

3.982x103
4,161x103

6.604x103

4.077x103
4.255x103




TABLE VIII
(Continued)

[P

Comparlson Between Theoretlcal and Experlmental
R.M.S. Responses in Short-Crested Seas

Headlng = 180°

~ Significant Wave Height, ft.

T 10 200 30 40 50
' Heave (at c. g.) -ft.
Theory (Heavy) - .6059 3.491 6.440 9.167 11.828:
(Light) .6337 - 3.486 6.390 9.092 11.739
Experiment (Heavy) .9415 4.507 ' 7.691 9.710 10.933
: (Light) .9415 4.507 7.691 9.710 10.933
, Vertical Shear'(Frame'ZSB) -tons
Theory (Heavy) 1.729E2 4.976E2 .6886E3 .7971E3  .8642E3
(Light)) @~ 1.668E2 4.506E2 6.124E2 .705E3  .763E3

Experiment (Heavy) 2.344E2 7,313E2 1.048E3 1.218E3  1.314E3
(Light) 2.213E2 6.877E2  9.853E2 1.146E3  1.236E3

Theory (Heavy) 1.696E4 4.638E4 5.935E4 .655E5 .689E5
- (Light) : 1.875E4 5.462E4 7.123E4 7.891E4 - 8.302E4

Experiment (Heavy) 2.046E4  6.277E4 9.020E4 1.051E5 1.134E5
(Light) 1.758E4 5.074E4 7.116E4 8.219E4 8.842E4

Lateral Shear (Frame 258)-tons

Theory (Heavy) .9404E2 1.999E2 2.506E2 2.765E2  2.915E2
(Light) . .8981E2 1.867E2 2.313E2 2.537E2 ~ 2.664E2

Experlment (Heavy) 1.166E2 2.205E2 2.546E2  2.685E2 .  2.754E2
(Light) 1.064E2 2.072E2 2.406E2  2.542E2  2.609E2

Lateral Bendl;g Moment (Frame 258)-ft. toms

Theory (Heavy) = 1.351E4 3.335E4 4.387E4  4.937E4 5.252E4
(Light) 1.301E4 3.138E4 4.087E4 4.572E4 ~ 4.845E4

Experiment (Héavy) _1.750E4 - 3.265E4 3.883E4  4.173E4  4.326E4
(Light) ~1.395E4 2.706E4  3.210E4  3.435E4  3.551E4

L . Torsion (about c.g. Frame 258)-ft. tons
Theory (Heavy) =~  1.968E3  4.233E3 5.317E3  5.987E3  6.574E3
(Light) 1.893E3 3.838E3  5.133E3 _ 5.878E3  9.028E3

Experiment (Heavy) 1.778E3  3.892E3  4.814E3 . 5.248E3  5.478E3
(Light) 1.524E3 3.662E3  4.632E2 5.090E3  5.332E3
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TABLE VIII

(Continued)

' CompatiSoanetwéen Theoretical and_Experimental
Responses in Short~Crested Seas

R.M‘.S.

Théory (Heavy)
(Light)

Experiment (Heavy)
(Light)

Theory (Heavy)
: (Light)

Experiment (Heavy)

(Light)

Theory (Heavy)

) (Light)
Experiment (Heavy)
(Light)

Theory (Heavy) -
(Light)
Experiment (Heavy)
(Light)

Theory (Heavy)

(Light)
Experiment'(HeaVY)
(Light)

- Theory7(ﬁeavy)

(Light)

Experiment (Heavy)

(Light)

Heading = 180°
- Speed = 30 kt.

10

.- significant Wave Height, ft. .

7 20 - 30 40 50
Vertical Bending Moment (midship)-ft. tons
4.280E4 1.285E5 1.736E5 1.973E5  2.112E5
4,260E4. 1.203E5 1.58lE5 1.772E5 1.883E5
6.052E4 1.777E5 2.,501E5 2.890E5  3.109E5
4.882E4 1.572E5 2.242E5 2.595E5  2.791ES
Lateral’Bending‘Moment'(midship)hft;'tons
2.357E4 5.448E4 7.034E4 7.866E4  8,350E4
2.257E4 5.051E4 6.429E4  7.132E4 7.531E4
3.043E4 6.196E4 7.507E4 8.108E4 - 8.421E4
2.571E4 5.225E4 . 6.308E4 6.795E4  7.047E4
Torsion (about c.g., midship)-=ft. tons
1.416E3 2.863E3 3.559E3  3.976E3  4.335E3
1.589E3 2.874E3  3.640E3  4.695E3  6.129E3
2.196E3 3.714E3  4.185E3  4.381E3 = 4.480E3
2.150E3 3.635E3 4.097E3  4.287E3 4.381E3
T ’ 'Heave;(ag'cgg.)hft. -
.579 3.783 7.089 9.991 - 12.716
.609 3.755 6.979 9.837 12.542
.943 '4.507 7.691 9.710 10.933
.943 4.507 7.691 9.710 10.933

'Vertical Beﬂding Moment (Frame 258)—ft.rtons

1.97OE4

1.976E4

€.429E4 8.718E4 ~ 9.806E4 10.392E4

5.678E4  7.859E4 9.027E4  9.685E4
258)-ft. tons

1.795E3

1.555E3

3.771E3 5.033E3 6.589E3 8.574E3

3.831E3

Z23-

4,857E3

5.336E3

5.588E3




sea conditions, for different speeds, headings, loadings, etc. of
interest for conventional surface ships. On that basis' com-
putations were carried out to present a complete "data bank" for
the SL-7 ship in- the form of both frequency responses for regular
waves as well as rms and other statistical response measures for

irregular seas. All of this information is presented in the
Appendix to this report. .

CONCLUDING REMARKS

All of the preceding results represent values obtained from
a computer program representing essentially the present state-of-
the-art in ship motions and loads computation. The theoretical
basis for the computations is a strip theory representation for
five degrees of freedom (surge motion neglected), which is con-
sistent with all other available ship motion analyses applicable
to wave responses at arbitrary headings and speeds in a seaway.
The lack of agreement between theory and experiment in particular
cases has been pointed out, and some means of correction or ex-
tension of the theory to allow its applicability to these special
conditions is also discussed. The particular limitations of the
available theory have not been emphasized in many previous studies -
-and only manifest themselves in this case because of the range of
operating conditions covered. g

The computed results for head and bow seas, as well as a
number of results for the light configuration in following seas
(for lateral plane responses primarily) are sufficiently close to
the model test data that a fair degree of reliability of their
vValues can be accepted. The predicted responses, in statistical
form, for the various loads and motions of interest for these
conditions are then useful values for comparison with experimental
data. The extent of utility of the calculated values for other
operating conditions that did not exhibit agreement with the model
test data is therefore an unknown factor. However possible errors
between measured results and predicted values may not be that
extreme when considering realistic values obtained during full-
scale tests, where precise sea states, heading variations, etc.
are not_ exactly equivalent to those used in the theoretical
prediction. Thus a useful set of values that are anticipated for'
the SL-7 ship during its operation in realistic seaways can be
found by extracting the particular values listed in the data bank
provided in the Appendix to the report. These values can be used
for correlation between full-scale measurements and theoretical
predictions, as well as provide a measure of the expected loads.
for ships of this type during their operation.
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APPENDIX

This appendix contains a typical set of computer print-
outs that constitutes the computer data bank for the SL-7 ship.
The information presented includes the frequency responses '
(amplitude and phase) for all of the ship motions and loads
considered in this study. This information corresponds to
operating conditions covering 4 speeds, viz. 25 kt., 27.5 kt.,
30 kt., and 32.5 kt. (denoted as 42.2 ft./sec., 46.42 ft./sec.,
50.64 ft./sec. and 54.86 ft./sec. in the tabulations), -2 dis=-
placements (Heavy, at 47,760 Tons and Light, 41,422.9 Tons),
for 19 headings at 10° intervals from following seas to head
seas, for 21 regular wavelengths that cover the spectral energy -
bands extending from 10-50 ft. significant wave height. 1In
addition to the frequency response information for regular
waves, statistical responses are also presented for the SL-7
ship at the same speeds and displacements for 5 long-crested
irregular seas and also 5 short-crested irregular seas, with
significant wave heights of 10 ft., 20 ft., 30 ft., 40 ft. and
50 ft. The wave spectra corresponding to these significant
heights are those of the Piersonh-Moskowitz family.

‘ In addition to the motions and loads, vertical and lateral
accelerations were determined at four points on the ship. The
location of the first pair of points is 166.252 ft. aft of the
forward perpendicular, 65.259 ft. up from the keel, and 3.333
ft. port and starboard of the centerline. The location of the
Sec¢ond pair of points is 445.502 ft. aft of the forward perpen-
dicular, 37.027 ft. up from the keel, and 0.9583 ft. port and

- starboard of the centerline. These locations correspond to
particular points on the instrumented SL-7 ship where accelero-
meters are located, thereby presenting information that can be
correlated with full-scale measurements.

‘ 'All of the responses are given in units of feet, long tons,
and seconds. The information on the torsional moment corresponds
to the evaluation of this quantity about the center of gravity
location. All of the computations were carried out for the

full- scale ship whose characteristics are presented in Tables 1-3.
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