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SHIP STRUCTURE COMMITTEE

MEMBER AGENCIES: ADDRESS CORRESPONDENCE TO:
BUREAU OF SHIPS, DEPT. OF Navy SECRETARY

MILITARY SEA TRANSPORTATION SERVICE, DEPT. OF NAVY SHIP STRUCTURE COMMITTER

UNITED STATES COAST GUARD, TREASURY DEPT. U. 8. COAST GUARD HEADQUARTERS
MARITIME ADMINISTRATION, DEPT. OF COMMERCE WASHINGTON 28, D. C.

AMERICAN BUREAU OF SHIPPING

IS ' AR

[ I i can Snih S o

December 18, 1963

Dear Sir:

The Ship Structure Committee has sponsored a research proj-
ect at Stevens Institute of Technology entitled "Model in Extreme
Waves." The purpose of the project was to determine the upper limit
of longitudinal seaway bending moments by direct measurement on
ship models in tank waves of maximum steepness, supplemented by
theoretical calculations.

Herewith is a copy of the Final Repo:t, SSC-157, Summary of
Investigation of Midship Bending Moments Experienced by Models in
Extreme Regular Waves by J. F. Dalzell.

The project was conducted under the advisory guidance of the
Committee on Ship Structural Design of the National Academy of Sci-
ences~National Research Council.

Comments on this report would be welcomed and should be
addressed to the Secretary, Ship Structure Committee.

Yours sincerely,

Rear Admiral, U. S. Coast Guard
Chairman, Ship Structure Committee
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ABSTRACT

This report summarizes experimental research to investigate
the possibility of a physical upper limit on midship bending moments
being reached in regular waves of height significantly less than the
theoretical upper limit of stability for progressive waves (h/A = 1/7).

The experiments included variation of ship type, of distribu-
tion of loading and of freeboard as model parameters. The shiptypes
investigated were a modern cargo vessel, a large tanker, and a mod-
ern destroyer. Each model was tested at various speeds in regular
head and following waves of several different lengths and of a wide
range of heights.

No significant upper limit of bending moment was found.
However, the study establishes more firmly the grossly linear de-
pendence of midship bending moment on wave height, even for ex-
treme wave heights which may be encountered in service. These
findings strengthened the case for determining design wave bend-
ing moments on the basis of statistical analyses of ocean waves

and/or resulting bending moments.
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INTRODUCTION

Knowledge for design purposes of extreme
wave bending moments on ship hulls in irregu-
lar storm seas is restricted to a relatively lim-
ited number of full scale ship observations.
Efforts are currently being made toward deter-
mining design wave bending moments on the
basis of statistical analyses of full scale and
modz1 data, an approach which requires consid-
erable expenditure of time and funds.

A possible alternate approach was detailed
in Ref. 1. This approach involves the use of
models in very steep tank waves to determine
if a physical upper limit on wave bending mo-
ments exists. An abbreviated pilot study em-
ploying this approach was conducted, and the
results (reported in Ref. 1) indicated that lim-
iting bending moments might be reached in reg-
ular waves of a height significantly less than
the theoretical upper limit of stability for pro-
gressive waves.

The present investigation was initiated to
see if the indications cited in the pilot study
would apply more generally. The program in-
cluded a broad variation of wave lengths,
wave heights, and ship types, and included in-
vestigations of the effects of radical altera-
tions of freeboard and weight distributions in
one ship type. A moderate variation of model
speed in head and following waves was also
included in the program.

The methods used and the results obtained
in this study are contained in Refs. 2 and 3.
This report constitutes a summary of the mate-
rial in those references.

MODELS AND TECHNIQUES

A relatively full account of test technique
is contained in Refs. 2 and 3. The general
methods followed those developed at the David-
son Laboratory and elsewhere over the last ten
years., All test work was conducted in DL
Tank No. 3 (300' x 12' x 6') in which only the
head and following wave cases are possible.
The significant difference between the present
and the past experimental work was in the
steepness of the waves employed.

Figure 1 illustrates the severity of the test
conditions. The pictures are selected frames
from two motion picture sequences. Each col-
umn of pictures is from the same sequence and

SPEED: ZERO SPEED: 9 KNOTS

FIG. 1. MARINER (MODEL 2251A-VI)
WAVE LENGTH: 1.25L -- WAVE HEIGHT/
LENGTH: 1/9 HEAD SEAS

shows the model at intervals of about one-fifth
the wave encounter cycle in waves of height
about equal to one-ninth the wave length. Fig-
ure 2 indicates schematically the tank test set-
up and the method of towing and restraining the
model to motion in a single plane. Figure 3 il-
lustrates the method of connecting the two
halves of the model with a moment balance.

The selection of particular ships to model
was based on the philosophy that they must re-
present good current practice in design and be
of a type likely to appear in quantity in the
future. Three investigations involving changes
in model parameters were carried out:

1. Variation of weight distribution in one ship
type

2. Variation of freeboard in the same ship type
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(@ MEAVE MAST (CONSTRAINED
TO MOVE VERTICALLY BY
ROLLERS IN SUSCARRIAGE)

SUBCARRIAGE , FREE IN SURGE.
(OOUBLE RAILS RESTRAIN
ROLLING MOTION, ADSORS YAW
MOMENT AND SWAY FORCE.)

@ °“NUT CRACKER® (YAW RESTRAINING
ARMS TO NOLD WEAVE MAST)

(© TWO AUXILIARY RAILS (PROVIDE
SWAY, YAW AND ROLL
RESTRAINT THROUGH
SUBCARRIAGE )

BALL CHAIN LOOP (ACTIVATES
TRANSOUCER WHICHN MEASURES
DISPLACEMENT OF SUBCARRIAGE
RELATIVE TO MAIN CARRIAGE)

FIG. 2. SCHEMATIC OF TOWING APPARATUS.
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FIG. 3. ARRANGEMENT OF INSTRUMENTATION
IN A TYPICAL MODEL.

3. Two additional different ship types for com-
parison with the first

The first ship type chosen as part of all three
investigations was the Mariner, Fig. 4, which
well represents current high-speed, dry-cargo
ship design. The second ship type was that of
a giant tanker, Fig. 5, representative of cur-
rent trends in bulk carrier design. The third
ship type chosen was a destroyer, Fig. 6.

Two extreme variations of weight distribution
were carried out on the Mariner model, and one
variation of freeboard was also carried out on
this design, Fig. 7. Table I summarizes the
characteristics of all models tested, and fig-
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FIG. 4. MODEL DRAWING, BASIC MARINER
HULL - MODELS 2251A-VI, 2251A-V2, 2251A-V3.

ures 8a and b show weight distributions employ-
ed in the models.

TEST PROGRAM

A preliminary test indicated that fine cover-
age of all speeds in head and following waves
was unnecessary. In addition, the magnitudes
of the tow forces involved when the first model
was towed at high speed in extreme head waves
indicated that the highest practical Froude
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TABLE 1. MODEL CHARACTERISTICS.
Midel Number ceElA-V-1 S P1A-V-o ool A-V-3 <251P 201D <130
Yarlrer wlith
Inci, ased Giant

Decien Mariner Mariner Mariner Freeboard Tanker Destrcver
ae'ght Distributisn Design Cargo Cargo- Ends Design Design Desigr.

tp L.8.7,, Feet 520.0 520.0 520.0 £20.0 895,0 e3¢
M. DIL CHARACTERISTICS
ti:minal Model Scale 1:104 1.104 1:104 11104 1.179 167,09
Length on 20 Statlions, inches 60,00 60.20 60.00 €0.00 60.00 €8.5
Heam. inches 8.76 8 16 8.76 8.76 8.85 7.30
Draft inches 3.20 3.20 3.20 3.22 3.28 P
Uisplacement , Pounds, F.W, 38.1 38.1 38.1 8. 2.0 25.1
By 2.72 2.72 2.72 2.72 2.70 2.92
Cy 0.61 0.61 0.61 0.61 c.80 C.55
‘n 0.98 0.98 0.98 0.98 0.99 -
&7 L/100) . Design 140 140 140 140 172 62
L°9, ¥ Statton Length From N 1.42 Aft 1,40 Aft 1,85 Are 1.44 At C.3c Pwd 3.33 Art
Gyradius, ¥ Station Length 24.3 15.9 30.3 ch2 22.7 23.4
Natural Pitching Period, Sec. 0.70 0.60 0.8 0.70 0.70 C.t0
Natural Heaving F -lod, Sec. 0.75 0.75 0.80 0.75 0.80 0.€5
‘Yatural Prequency of Vibration, CPS 16.5 17.2 14,1 16.5 13.7 10.7
rreeboards: Aft, inches 2.30 2.30 2.30 5.48 1.5 1.37

Pwd, 1nches 4,05 4,05 4,05 5,48 2,52 3. 44

V.C.G., iInches 3.3 3.1k 3.36 3.39 2.62 1.23
HALF MODEL, FWD SECTION
wWelght, lbs, 17.9 17.9 17.9 17.9 26.6 11.2
LCG Fwd M . inches 12.10 6.04 15.88 12.10 11.46 12.88
V3G, 1nches 3.32 3.46 3.43 3.34 2.60 1.06
K. € Station Length/2 26.9 2u.8 28.2 26.8 23.2 23.9
HALF M)DEL, APT SECTION
welght. lbs. 20,2 20.2 20.2 20.2 25.4 13.9
1CG Aft W, inches 12.32 6.93 15.72 12.33 11.59 14,56
vCG, inches 3.37 2.86 3.30 3. 44 2.65 1,37
K., % Station Length/2 25.9 21.8 32.0 25.5 25.2 l 25.6

number would not be in excess of 0.13. The
preliminary test also indicated that the situa-
tion where the model was drifting helplessly
astern under the influence of extreme waves
was a practical case worth investigating. There
resulted a standard test program for all six
models. This program is summarized irn Tables
II and III. It may be noted from the tables that
each model was tested in five speed-heading
combinations in waves of five or six different
lengths. As full as possible a coverage of
wave heights was attempted. In all, approxi-
mately 1100 test runs were made, and out of
these about 600 runs were selected for analysis.

DATA REDUCTION

Each run resulted in an oscillograph record
of midship bending moment, pitch, heave and
wave elevation. Because of the steepness of
the waves, only a nominal regularity was ex-
hibited in the traces and it was necessary to
average the maximum and minimum excursions
of a number of cycles to arrive at an estimate

of moment, motion and wave amplitudes. The
averaged measurements were suitably non-
dimensionalized and grouped according to
model, heading, speed and wave length (about
120 groups in all). A mean curve was fitted to
each set of test points representing the varia-
tion of moment or 'notion with wave steepness.
Figure 9 and Table IV are sample pages for one
test group from Ret. .. All fitted curves were
terminated before representing an unreasonable
extrapolation of date.

It was found in the initial stages of the
analysis that the moments measured at zero
speed in head and following seas were nearly
enough the same that analysis of the zero-
speed following-sea case could be deferred.
An analysis of the transient behavior of the
moment measuring system was performed and
it was concluded that the amplitudes of moment
indicated on the records would include little,
if any, of the effect of sudden impact.

In order to compress the data, summary
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TARLL II. TEST PROGRAM MARINER MOLEL AND VARIATIONS.
Model 2251A-V2 Hull as Designed
"Cargo'' Moved Amidships
Speed Wave Length/Model Length
Heading | Classif. | .50 | .95 | 1.00 1.25] 1.50, 1. :
180°  |Zero 5% | se| s* [ 5* | 4* ..
" |Forward 4 s | 5% 5 [ 4 ‘L.
" Drifting 6 6 | 5% 5 | 4 e h
0° Zero 5 5 5 M =
i Forward 5 5 5 [3 4 g ® 1
Hull as Designed - )
Model 2251A-V1 i ! ) Model 2251B Radical Increase in Freeboard F
Design Weight Distribution Design Weight Distribution -]
Speed Wave Length/Model Length Sheed Wave Length/Mcdel Length
Heading | Classif. | .50 | .75 1,00| 1.25] 1.50| 1.75] Heading | Classif.] .50 ] .75[/1.00] 1.25!1.50] 1.75
180°  |Zero ¥ | 7°] 871 8" | 5"| jg00 lzero 4% | s® | s* | 5% | 4° e 1
" Forward 4 | 6 ]| 5% s | 6] 4 |5 |s*|s 4 o g
" Drifting [ |4 | 5 | 5* 5 4 | " Iprifting 4 s_]s* 16 |4 ]
° ro 4 b, b8 .7 0% Rero 15 15 ;s 1 ] ]
' Forward 4 7 5 15 | 4 Y Forward 3 5 5 1
SiodEl 2251A-V3 Hull as Designed
oce B "Cargo'' Moved to Ends . . .
a, Nuabers in the tlocks indicate the number of - .4
Wave Length/Model Length good ru v obtained in order to cover the range ® [ ) 4
) Spee'd 4 of wave heights. Blanks indicate no runs L
Heading | Classif. | .50 .75 1.0q 1.25 1.50 1.75 attemphed. 2 oy
180°  JZero __ A2 ) 5% Lt 50 | 3® | . RO
" IForward 4 5 5: 5 1 4 b. Indicates a motion picture record of the model ot '
@ rifting 4 |5 |5 5 | 4 11 the highest w.ve ) ]
o ] i T ol )
) Zero | 3 Busmme : '
n [Forward 5 l 5 X .
plots of the faired lines for moments and mo-
TABLE 1I.. TEST PROCRAM GIANT TANKER AND tions for each model, heading and speed were

DESTROYER MODELS.

Model 2251D

GIANT TANKER

] Spasd Wave Length/Model Length
Heading | Classif,] .50 (.75 [1.00{1.25]1.50[1.75
o |zero 4 | s* | ¢* |6 | 6| 4
| {Forward } 4 L 4 |3 s* 15 | 4
. DDrifting | | 4 {5 ] 5%} 5 |4
[ 0° Zero | | 15 |5 15
L orward S S 5
Model 2130 DESTROYER
Wave Length/Model Length
Speed ;
Heading| Classif, | .50 | .75 | 1.00]1,25[1.50(1 75
1800 Zero 4* 5% | 5_‘__ 5% | 4*
L Forward 4 |5 [ 5* | s |4 |
e Drifting 4 5 5* |5 | & |
0° Zero . 5 wSping|mtS S|
4 Forward l 5 5 5

Numbers in the blocks indicate the number of good
runs obtained in order to cover the range of wave

height

Blanks indicate no runs attempted.

*Indicates a motion picture record of the model

in the highest wave.

prepared. Figure 10 is a typical bending mo-
ment vs. wave steepness plot, one of 24 such
plots appearing in Refs. 2 and 3. All bending
amplitudes are referred to the midship moment
existing in the model afloat in calm water; that
is, wave bending moments only. The scale on
the right of Fig. 10 is compensated for the still-
water moment for illustrative purposes.

A. Differences Between Models

While not a primary objective, a measure of
the variation in bending moments from model to
model was obtained and exhibited in the form
of cross plots, examples of which are shown in
Figs. 11 and 12. (Moments for specific steep-
nesses plotted on a base of wave length.) One
finding in the analysis of differences between
models was that a particularly important model
variable is the average moment of model weight
about amidships. This influences wave bend -
ing moments because it appears to be the major
model var.able in the component of moment pro-
duced by pitch and heave accelerations. The
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WAVE LENGTH __Li25 L MODEL HEADING __180°
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FIG. 9. SAMPLE TEST RESULTS.

net bending moment is considered to be the
algebraic sum of the integrated hydrodynamic
pressures on the hull (here termed "hydrodyna-
mic moments") and the internal reactions resul-
ting from the acceleration of the model. The
sians of these components are opposite and
thus if the hydrodynamic moment remains con-
stant, a greater mass acceleration moment may
result in a smaller net bending moment. The
test results supported the hypothesis that
hydrodynamic moments were roughly constant
since wave bending moments decreased as
weight was concentrated more towards the ends
of the model. (Unfortunately, such action ad-
versely affected the seakindliness of the mo-
del.) Conversely, when weight was moved to-
ward amidships, moments increased (and sea-
kindliness was improved). Figure 12 shows
the net bending moments ard the derived
"hydrodynamic" moments for the four Mariner-

MODEL : 2231A-Vi, MARINER, PARENT
MODEL HEADING: 180°, HEAD SEAS
APPROX. MODEL SPEED: vAfgLe %0
i Ly
0018 o __
e o
B - .00
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3
0012 | 1
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L0010 T . .
by 000e] L/20 128 :
SYATIC ——— 1,00
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.000¢ ] s {
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.0008 .
vee 10 |fv R
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0012 A
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0014 4
+
L - 002
0018 .
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FIG. 10. SAMPLE FAIRED L'NE SUMMARY.

type variations. It demonstrates by virtue of
the "collapse" cf the hydrodynamic moments
that the primary source of the differences be-
tween net moments measured in the weight dis-
wribution investigation was the mass accelera-
tion moment.

Some difference in moments was observed
when freeboard was increased. Sagging mo-
ments were observed to increase with an in-
crease in freeboard.

It was observed that bending moments for
the three basic ship types increased about in
order of fullness. Very large wave hogging
moments were experienced by the Tanker mo -
del.
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TABLE IV. SAMPLE TEST RESULT TABULATION.

. 2251A-V1 - Mariner, Parest
Model: Z2=2277° Test Group: ). 1122125 ‘
Wave Length: 1. 251,
Zero Wave Bending Moment Corresponds to
a Still Water Mon ent of: __0. 00047 HOG Heading: 180  Degrees
1. OL Static Calculations (Non-Dimensional) Speed: 0. 12 to 0. 14
Wave Height Wave Sagp Wave Heg Heave Tuning Factor: 0,90
___Lf_lg_ 0.00078 _0.00059
Lo 0,00154 0,001)4 Pitch Tuning Factor: 0.85%
¢
Bow-up-Pitch Lags Sagying Mon ent Approx. : 125 Deygreces
Up-Heave Lags Sagping Mon.ent Approx.: 208 Degrecs
Coefficients of Equation Fitted to Run Averages of An plitude
NE M “H 20 2 ZolL
N 3 2 2 4
a .0110 . 00641 440, . 876
5 - 144 - (128 21897 alZed
RMS Deviations of Mcasured Anm phitudes within Each Run
(Units consistent with those on plot)
Run No, 248 255 257 219 218 . B
h/ S .0493 | . 0690 .0865| .104] .114 e AT
No., Cycles zo zo 20 “ 15 ..: 5 '.._' . : - t‘:
rms Wave x 104| .28 | .43 | .37 | .63 | .51 S RRRR O
. ‘. - T. . e
ros Sag x 104 .31 + 16 2 2] .32 . 68 ) o
rms Hou x 104 .23 .12 i .31 .19 e L . 1
ros Pitch, dec. | 93 | .57 | .55 | .80 | 1.20
rms Heave x 10%) ,46 | ,20 | ,26 | .53 | .40 DESS SRR
REMARKS: (1) Forn of Equation: Y = a(h/A) +b (h/x )N i-._.....__j
(2) Sagging moments in waves abeve h/ A= , 07 increased by SRR
forward bottom impacts. Pulse duration believed long ~. A
enough for amplitude reselution within 10%. - i
B. Trends of Bending Moments With Wave '::
Steepness. 50 S
) [
B S: ze it was very difficult to generalize criterion was calculated for all test conditions 3
e abou’ trends of moment with wave steepness on and the results were grouped as follows: ¥ L -
the basis of the 24 plots similar to Fig. 10, a SR
. 4+ >+, S -]
! numerical criterion defining the shape of the Class (+4) SO IR -]
fitted lines was derived. A graphical illustra- Class (+) +.15>y>+ .05 o .
tion of this criterion is show in Fig. 13. The '
. 5 > - 005
families of curves plotted illustrate the shape Class (0} t.05 >y ! . . -
of the curves for various values of the criterion Class (-) - . 05>y>=~-,15 . ot 9
v . Because the criterion was dependent on the e ]
- - > I ML
form of the equation fitted to the test points, Class { ) 15>y ST
familles of curves are shown for the two most WG
widely different equations used. The y
) L ] ]

- . i.‘.' A e

L R




2 &

s

e e 1 b

28, DEGMELS

(1]
A8
o8 P
[
1.00
FIG. 11.

20, , DEGREES

2Z,/¢

FIG.

.00

-8-

MARINER MODEL _LABEL LINE CONV.

PARENT Vi
CARGO AMIDSHIP v2

CARGD AT [NDE LI |

ICREASED FBO B e
"HYDRO MOMENTS"
o2 Balek )
¥
MOMENTS E-_l}h/“ 10
BAk 1D
o g 3
e
oo vio.oom i
MOMENTS = ¥} ! ,,F“
hiye DA i ey . h/xt.08
2 = 5
Vi
A 4 i : 5 i i " ; ﬂ f——i3 :
1 60 |.E! 1L.%0 1™ 100 2% 1.0 78 T00 123 180 118
w:{ll AL . L
— ¥ —— i e e
L8 L0 178 8 T e—— g : h;'l'“
LYY : e i A
HEAVE v
ool o0l
vl mAE A0
.lf'.I \'I_"?_.} héhs g
hsgs 04
VIVE VI8 002 ool

125 150 178
AL

125 1.36 173
AL

MODEL LABEL LINE CONV

MARI

N/% .10 GIANT TANKER TKR.

NER MAR.

D05 p

CROSS PLOT OF FAIRED MOMENTS AND MOTIONS HEAD SEAS FROUDE NO. 0.0,

HYDRO MOMENTS

DESTROYER 0o e i —
ooir  MOMENMTS LULS o or.
nihs 10 ./‘
'
/ Ph7\s.10
- L'DJ
THR
MDMENTS .00 | ‘ = ool
h/h:z 04 oty J—
TR T & CTLELY2TN TS
Al : F Y ———— 0
A i _Ll’L_l i A i i n
N ErT R ] a8 128 B0 T l"JI'JIH '!d “'!
LLL] AiL &SL
. - _._.:m
. 5—;“-:.'.'____,,..-#"'.!.! _; e uu R
oo wp N ~ 001 t -\ “
[ Wik 0
pogk ooz b
~\ TR
1] R

12. CROSS PLOT OF FAIRED MOMENTS AND MOTIONS HEAD SEAS FROUDE NO. 0.0.

<

bt

¥ ==

-
- B
S

1
ORI ey

®
q .-: - "..'-". . o’
af s B e

d
o
~. --‘ 5 -J
- Ty
® o
3

. .
g i gt



FamiLY FOR LOWEST
ORDER EQUATION

=040

AMPLITUDES

MOTIONS

¥:-040

.

e 1]

—_— NORMALIZED WOMENT OR

—— -0D%
—_0

+ 00S
— 010

+azo
T 4040

FAMILY FOR HIGHEST
ORDER EQUATION

FIG. 13, EXAMPLES: NUMERICAL CLASSIFICA-
TION OF FITTED CURVES.

These groups can be interpreted as follows:

1. Class (+1) and (+): No limiting bending
moment indicated by data.

2. Class (0): Data indicates only small
departure from straight line.

3. Class ( - ): Data indicates limiting mo-
ment above a steepness of 1/9.

4. Class ( ~-): Data indicates limiting
moment below wave steepness of 1/9.

Tabulated results of the classification of trends
are shown in Tables V, VI, and VII. The pri-
mary conclusions of the study were drawn from
these tables.

It was noted that the magnitudes of moments
were about the same for all the speed condi-
tions except head-sea forward-speed, and that
the highest moments occurred in the longest
waves. Thus for speed conditions other than
head-sea forward~-speed, it was necessary to
have Class (--) in almost all of the blocks per-
taining to the longer waves for a model in order
to conclude that a limiting moment was to be
expected in wave steepnesses less than 1/9.
This was true in only one case, that of the de-
stroyer hogging moments. In all other cases
such limits as exist are indicated for wave
steepnesses of 1/9 and much higher.

It was felt that the head-sea forward-speed
case could he eliminated for practical reasons
so that the trends in this case were not consid-
ered in the formulation of conclusions. How-
ever, if the trends for this speed case had been
considered where moment magnitudes exceeded
those obtained in the cther speed cases, no
essential differences in the conclusions would
have resulted except that the lower limit for
destroyer hogging moments might not have been
cited.

The practical basis of these conclusions
hinges on the trend of the moments measured in
the most severe wave lengths. Limiting trends
displayed in other wave lengths may have little
practical significance. In order to help confirm
the conclusions obtained, a fresh start on the
analysis was madz without benefit of fitted
lines or numerical manipulation. Every test
point obtained in any wave condition and at
all of the four speeds was plotted on a single
chart for each model. (Figs. 14 to 19). The
only differentiation between points which was
made was between those for the impractical
head-sea forward-speed case (solid circles)
and those for all other speeds (open circles).

Envelopes to the scatter of points were
drawn up to a wave steepness of 0.10, exclud-
ing the points for the head-sea forward-speed
case. The envelopes were terminated at h/A =
0.10 because the long wave lengths which con-
tribute many of the highest moments are not
well represented beyond this point. These en-
velopes were superimposed in Fig. 20. It can
be seen that with the exception of the destroy-
er hogging moments, the envelopes of all mo-
ments measured at practical speeds in all mo-
dels imply no limit at a wave steepness less
than 1/9 and most imply no limit below the
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TABLE V. CLASSIFICATION OF TRENDS WITH WAVE STEEPNESS OF MOMENT AND MOTIONS.
WEIGHT DISTRIBUTION INVESTIGATION.
NOTA1.!ON
*Trace
Sagging Hogring Hydro, Hydro, Distorted
Moment Moment Pitch Heave Sae . Hog by Impact
-E 5‘ c ! 5} E ND-No Data
'8 ] 'g [l 'g @ | '8 n! '3 ) '3 +. 4
el © gl © el © . 9 ] g e |
W g wal 2 <] I al gl lwl E ol
- q < sl < ) & < q < ] ++
o B o o ® ¢ o B ol oo € o o & of o ® o t 3
3 o o of o 3 ¥ o o u1 ¢ 3§ sd o o 0 o oo
Speed, )‘/L [ S TR I B+ R B T ] 1 ) ) [T [ I "R d
. dj [\J L o o] r ] [\ 1] L] o -} '] M o [} o s
Heading O &l of O al o] O aj O O] A V] V] A V] O A O 4\ 4 2]
1
0.750 - 14 |4+ }-1-10lo]- |44 4ocieed -1- 10 ]O)- -- 0]

0.12 to 1,000 - [0%* [ oe 10 +]Jot- < JO ) - % 0¢] - - 0 3 ‘+
0.14, 1,25} = OL.QL_LO 4r0_*_. [ ]'_.'_. o 0_1__- | 0 0‘;" 0 v 0 o+ ] LALE ) )
180° 1.50J 0 [o*  wf _l.. 4 Jo |- ,--Jof+ +]oloxjoelo 0+ | & {43

1.75] 0 [+* o] - [-- [++{0 [0 --]JO !l + O]O |+ 0%] - | O + ot 0

+ c o—¢ 0 E

0.0, |o-2sjo 10 (- tof+ fofoy+ o0f-f--1--J0)0 - 10 0 0]} 3 ’ &
Toja.oofo - joxfo f. f-- o .- Jolo j4efo - [4elo 0,0 ) 5§ ]

.25 - Fo forol- - Joj- . -Jofo folojo joefo 0o ] &-i7 -

180° | 1.50] 0 Oﬂtt'o_-.-- ojolofof+ [+]0,0 +¢l0 0 0 o {—L
1.75§ 0 | O 0]-|- |]=-=-]0 - 10J]ojo 0 0!0 0 - 0 - 8_2_
2008t 0757 [+ [0 JoJo Jo |+ [+ o]0 e o!+ 0o 0 0 ]

.0.15 1.00Jo 0 ‘o Ju ojoulololo Jo o +}10,0 0 0,0 0

1.25]+ |0 [0 +]0 0 00 {0 |+ |0 I‘Q L‘_O_Q._o J—--LL--Q~ -. 34 -V-

180° 1.501 0 ] 0 |- 0l0 4] 0 “__0_J_9__‘_(_)__ Q,_T_+_ 1010 ,.9 0_4_0__ 0 W

1,750 -fov jols+l+Jodofl+ o ]Juolo 'ofjolo 0]+ 00 -ad
o.10t0 | 1o 0fo o Jojolofoulo + J+]o s Jolo oo o o]
026 |1.299[0 |xpl4 l:t ND]Jo o ND]o [0 ~ND|lo o IND]+ ,+ |ND
0° Lo s [% o feel v [4]--Tolods !+ lols Nplo]+ InD +]
theoretical limit of stability (1/7). ing severity.
It is interesting to compare these results CONCLUSIONS

with those of Ref. 4.. The experimental work
of Ref. 4 was quite different from that reported
herein in that it dealt with irregular model seas.
It was similar in two important respects:

1. The model utilized was the same destroyer
model used herein.

2. The severity of the irreqular waves of Ref.
4 was comparable to the seve:ity of the
regular waves of this study.

As in the present results, tho: : of Ref. 4 imply
that midship bending mome:. ranges are rough-
ly proportional to wave steepness over a very
large range of steepness. {(No distinction
could be made in Ref. 4 between hogging and
sagging moment trends). It is therefore con-
sidered likely that the trends of bending mo-
ment with wave steepness shown herein appro-
ximate those expected for significant bending
moment amplitudes in random seas of increas-

1. It appears on the basis of these studies
that design wave bending moments are essen-
tially proportional to wave heights which actu-
ally may be encountered.

2. The present study, by establishing more
firmly the grossly linear dependence of moments
on wave heights over a considerable range of
wave severity, has strengthened the cas- for
determining design moments on the "a_. »f sia-
tistical analyses of sea waves and/or the re-
sulting moments.

3. Within practical operational and design
limits for ships at either end of the cargo carry-
ing spectrum, no significant limit on midship
wave bending moments in head or following
waves is to be expected as wave steepness is
increased up to a value of about 1/9. The same
result is cbtained for the sagging moments ex-
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TABLE VI. CLASSIFICATION OF TRENDS WITH WAVE STEEPNESS OF MOMENT AND MOTIONS.
FREEBOARD INVESTIGATION.
NOTATION
*[race
Sagging Hoygging Hydro. Hydro, Distorted
Moment Moment Pitch Heave ' Say Hoyg by Inipact
I { | ! ; ND-No Data
I l i + 47
It IR I T I T I . b
BR-TEF IR F-| B - REN| B ag§ 'l ‘égg B IR ]
. | » A IR B R B :
Speed, L hod Hlo® w. oM R @ Ym 9 g k 1 '
! Heading L & | .En a.?Su. | A Sk LS e IR I 3
- X e ] B ST B == 0] . S
; .12 to j_xg;__.-.l- o 9.‘:;_4 o I-_:__... ::.-4 —j==j 0] -% O* = (0 : 4_‘_ = 3
O 44 ool Jorfos] Jo -] [ -] [ol+] joxos] 0 o] Gtiqe o o .
o 1. 50] oslos] | --f-- = Ta e o, 0] o0 o] 3 .+’5 3
oY .75 +'0 -l o' -] 1+ 4 L 4e! 0 o o]l = | % ]
= a.7s] Jo o +,0 R IRE D A 3 _*_‘;; g
' 1. 00 - j0_ -l - -, 0 N 2 R ] L0, 0] g _ - 1
1. 25 0 |- 1-*- - 0 ; 0,0 ;o,o .0, 0. :-.l-- S g
180° 1. 50 0 ]o |-, - 0 0 +:0 L v, 0 I B ; ¢ 4
1,75 o = 1 -10 -, 0 00 0 0 0o ol s ] & o ;
-0.0b to }-0-75 + 4] (oo + .4 --0 ,+.0 00 ST -
1.00 olo o v 0]0 0, + 0 0 00 1 i
-0.15  |= 21} NN I (S S LU e 4
1.250 jojo} fojol 0,0 Tolu] oo Lo oy g ¥ . ) ]
180° .50} jo t-} jo o} hor_‘?.__w_"*‘_’ 0 U O SO OL | ‘
175 0 |- +]0 10 0t 0.0 0 0 |
0 lute | 1.0 0 J4 100} | 0| ERE 0, + "0 0| !
0 2o 124 o 1o +] 4 00 00 0+ +| + oo
00 od  f+ T +] 4+ o] + + |+ ND' 0 ND! + ,
perienced by the naval type but not for the hog- REFERENCES
ging moments; in which case an upper wave
hogging moment limit is suggested at a wave 1. Lewis, E. V. and Gerard, G.: "A Long-
3 steepness of about 1/9. Range Research Program in Ship Structural
E Design, " Ship Structure Committee, Serial
;j RECOMMENDATIONS SSC-124, November 1959.
» The present study involved itself only with 2. Dalzell, J. F.: "An Investigation of Mid-
h midship bending moments for reasons of eco- ship Bending Moments Experienced in Ex-
) nomy, even though it was known that under cer- treme Regular Waves by Models of the
tain conditions higher wave bending moments Mariner Type Ship and Three Variants, " )
may develop elsewhere along the ship length. To be published by Office of Technical 3
|.'.- It is considered of importance to ascertain if Services as PB-181508. N
5 the conclusions of this study pertaining to com- e
- mercial ship types also hold for moments all 3. Dalzell, ]J. F.: "An Investigation of Mid- e e
b along the length of the ship. If similar conclu- ship Bending Moments Experienced in Ex- -0 T
sions can be drawn for moments elsewhere treme Regular Waves by Models of a Tank- ” o &
:. along the length of the ship, no further develop- er and a Destroyer, " To be published by i
: ment of this type of experiment wculd be recom- OTS as PB-181509. 9
. mended.
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'[-} TABLE VII. CLASSIFICATION OF TRENDS WITH WAVE STEEPNESS OF MOMENT AND MOTIONS.
P SHIP TYPE INVESTIGATION.
E
¢ NOTATION
*Trace
Sagging Hogging Hydro. Hydro, Distorted
_ Moment Moment Pitch Heave Sa% i Hog by Impact
. ! ; ND-No Data
] 1 ] 1] " 9 ' ~ .
v v v v " +. 44
PR B B I O :
o ol 3w & 2 5 ¢ 3 sl e 38 . 8 +*t } B
o & o ow & M o 8 & g & - & 8 g 2 +, 3 :
:..gnu;,':uga':ug-gaa-gu = d
Speed, | YL | F &, o 3| s o 3 2 S al 9|« 5 s 2 4 O 1 1 o
Biatiitan 3| 2| 4| O 3 & 5 G = 4|5 = 48 = &, ] BRI
E e15l-1+ [0 J-t1- 1 -J-c]lloOo]lO]--f]-JOJO]O]- == -1 _ d o )
G 0.12 to 1. 00f -¢fosjos [--40 j+¢f0 | -] -] [--"+ % -tLOO -k - 4% 3 {—- i
014, 125 . wiow]oe | 4 olve]-) -To0fofo [+ |osf os 0efos’ 0 4u] 5 *13+ | g
' 1809 1.50]..90n e d ..l -fo |- 000 s [+ ]-voe on +,0_ -1 3 143 "
.- 1,75 --|4s !0 J--!--]--]-!9 o]o]J+ | 0fjoj+*j0]JO/O - e T .
‘ ’ o
L, 0T 0,175 0 l-Jo |+ -+ [+ i+ )-ct--]-1-10 - 0-.__0._4__-_1 3 5 o
b e Loof. [-1-foj-[--}o [ -] 0)+]0]0J0}- - ]00 |- 5 1 . —esnd
.. L2sl- Jo ol -[- --Jol-"otofojsT-T0ol0]o 0 -] g-1q- > o
: 180° 1.50f. 10 JOo ] O - ~=]0O [ O L oJ]+|+j0]JOo 0O i otlo | o -- . 4 S ) A
g, L.75lg {o |- Jol - --lo| - +Jojojojojolofojo -] o ,] AR
. oostolozalol+ i -JofoJofoj+ [+ Yol -l -Jo]+l-Tojo0o'o0
. 0. 15 100JololoJolo]-Joloflofo|lof+]olo oo o -] 1 A
1.250. 10 jo Jolol-Jojoyo}+ 0/+}-10,0}0;,0 - =t oo e oy |
p= 160° T I D €S2 (N (R B2 RSO SO (0 MR R RS S S T 1 etdbice
i Los]. 1o lolols e lols o --lots[--lu]o]ol o --] ..l
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Wi 4, Dalzell, J. F.: "Some Further Experi-
. ments cn the Application of Linear Super-
‘ position Techniques to the Responses of
;-:- a Destroyer Model in Extreme Irregular
a0 Long-Crested Head Seas, " DL Report 918,
September 1962.
L NOMENCILAT'JRE
; B Maximum model beam L Model length on 20 stations
g Acceleration due to gravity LBP Length between perpendiculars
Draft LCG Longitudinal center of gravity
Wewveshieight HPA Average midship bending moment
due to acceleration of model mass .
Wave length
[HaueRsEepness ﬁRE Part ofﬁFA in phase with measured . '_'
bending moments ® °
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FIG. 14. MEASURED BENDING MOMENT DATA
---- ALL WAVE LENGTHS AND SPEEDS. MODEL
2251A-VI; PARENT MARINER.

ZZO/L Non-dimensional heave double amp-
litude
y Quantity derived in the numerical

classification of trends

290 Pitch double amplitude
A/L Wave length to model length ratio
p.H Wave hogging moment3 coefficient

(hogging moment/pgL ™ B)

Wave sagging moment coefficient
3
(sagging moment/pgL™B)

FIG. 15. MEASURED BENDING MOMENT DATA
---- ALL WAVE LENGTHS AND SPEEDS MODEL
2251A-V2; MARINER, CARGOC AMIDSHIP.

My Approximate hydrodynamic wave hog-
ging moment (p.H - MRB)

HS Approximate hydrodynamic wave
sAgging moment (p.s 'MRE)

FHA Total hogging moment, wave moment
corrected for still-water moment

p,SA Total sagging moment, wave moment
corrected for still-water moment

o] Mass density of water
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AT HIGH FORWARD SPEED IN FOLLOWING WAVES.
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