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ABSTRACT

One objective of this project was to obtain experimental
model data to describe the lengthwise vertical wave bending mo-

ment distribution within the midship half length of a normally

loaded Mariner type cargo ship in regular head and following

waves having wave height/wave length ratios between O. 05 and
O. 11 ; a second loading conditions was also examined. A second

objective was to determine whether the moments tend to reach an

uPPer limit as wave height increases .

A 1/96 scale model was cut to form six segments which

were jointed by an aluminum beam . The beam was strain gaged
to measure bending moments at the hull cuts at stations 5, 7-1/2,
10, 12-1/2 and 15.

Within practical operational limits for the Mariner type
ship, maximum wave bending moments in high regular waves oc-

cur inthe region from amidships to . 125L aft of amidships HOg -

ging and sagging moment at any section were generally propor-

tional to wave height up to a wave height/wave length ratio of

0.11, the steepest wave that could be generated.
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INTROI2UCTION

It has been recognized that major progress
would be made in Lhe practice of ship design if
the maximum longitudinal bending moments cx–
pcricnccd by ships could be established. Ef -
forLs to achieve this end arc being made on the-
oretical lines, and by way of fuIl scale investi–
gations and model tests

The need of knowing maximum bending mo-
rmnts directly implie:, investigations in extreme
waves irrespcc:tivc of the method of in”esti. gfi–
tion. Before the test reported here, the Dc]vid-
son La bcxatory completed tests on a tanker, de-
stroyer and a Mariner class ship and its variiil]ts
i,n steep waves “. The tests conclu[ ied that
within practical operational and design limits
for commercial ships nc dramatic upper limit coi
wave Im”ding momcnis at midship is to bc ex–
Pcctmf as wave stccpn.ss i,ncr<, as es up to 2
“alue 0[ about 1/9. Since this conclusion was
limited to midship bending moment only and it
.,.ss known that the maximum momc!nts .nd~r
certain circumstances could occur elsewhere it
was recommended tbaL the investigations should
be extended to examine! the longitudinal distri-
bution of moments in extreme W? IV<?S The o.t-
come of this thinking was the exPcrimcnt ,c–
ported her.

The model selected was that of the original
Mariner with one loading “ariar.L (Cafg,, amid-
ship case ) tested previously and it wos alst] to
bc tested in essentially the same wave program
as the pre”ious experiment. ‘The purpose of iI, –
Vestig atiny the cargo amidship cssc was to study
the et[cct of appreciably rcd”cinq the longit”di -
mztl gyradi”s on bending moments. ‘rhc model

was multi–segmented and held together by o flex–
ure beam, (Figs. 1 -3). The beam was strain
gaged at stations 5, 7-1/1, lo, 12-1/Z and 15
to measwz bc”ding moments

The tests were periormed in regular waves
vvhcrc tbe wave length to ship length ratios
ranged from 0.75 to 1 ,75 and the wane beightto
wave length ratios ranged from 0.05 to 0.11,
The model with normal weight distribution was
tested with fomiard speed, zero speed and drift
speed in head seas , and with Iorward speed in

fol IowIng seas. In the cargo amids hip cast! the
model was tested with zero speed in head seas.

A comprehensive )mckgrou”d on Lhe use 01
scaled model tests to invest iaatc bendina mo -
rmcnt can bc fc,. ”d in International Ship b.il@
Progres < .

FIGS. 1 and 2. PHOTOGFQPHS OF MODEL
2681-1 (NORMAL WEIGHT DISTRIBUTION) AT

ZERO SPEED IN WAVES OF k I .Z5.

DIXC81PTION OF THE EXPERIMEN~

J@&& The tests were conducted on a
65-in. (1/96 scale) sti-segment fiberglass
model 01 the original Mariner, first with normal
weight distribution, and then with caryo amid-
ship. The Mariner model and its variant are
designated models 2681-1 and 2681-Z respec-
tively. Figure 3 shows the body plan cmd
model layout. Tables 1 and 2 contain the model
characteristics and segment propcfties respec–
tively. The bull ‘was cut at stations 5, 7-1/2,
10, 12–1/2 and 15. The segments were joined
togctber by an aluminum flcxure beam, that was
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FIG, 3. MODEL DRAWING

bolted to aluminum plates imbedded in the seg-
ment bottoms The hull cuts were 1/8 in. wide
and sealed with O. 008 in. thick rubber fixed to
the hull with electric insulation tape . An ac -
cordia” fold was p“t into the sealing rubber to
ins we that it did “ot contribute to the hull stiff-
ness.

The model was completely decked over ex-
cept for a small hatch in the segment between
stations 10 and 12-1/2 necessary to accommo-
date the towing gear and strain gage wiring.

Figure 4 is the structural beam drawing.
The beam had six flexure sections located cen-
trally about the hull cuts where the moments

were measured. The flexures were 4 in. long,
1 -1/2 in. wide and 1.04 in. deep at stations
7-1/2, 10 and 12-1/2, and 0.95 in. deep at
stations 5 and 15. Tbe beam moment of inertia
was made larger than the inertia obtained by
scaling tbe prototype inertia as the fifth power
of the scale ratio. This was done so that the
fundamental “ibraticm frequency of the model
would be appreciably larger than tbe encounter
frequency and hence less likely to be a sowce
of noise in the bending moment record,

The model weight distributions are given in
Fig. 5. In order to obtain the weight distribu-

tion for model 2681-1 tbe normal weight distri-

bution of tbe ship was divided into six parts
corresponding to the six segments of the model,
The weight, longitudinal center of gravity and
the moments of inertia for each part were calcw
lated and reduced to model scale. It was pos–
sible to ballast each segment to its required
weight and LCG but the moment of inertia was
somewhat larger than required. In Table 2 the
ratio 1 actual is given for each segment. The

I required
influence of the excess segment inertias on the
overall inertia of the model was negligible. The
weight of the towing gear Iocated in the seg-
ment immediately aft of amidships was consid-
ered as part of the ballast weight. In the weight
variation case the model (2681 -2) was ballasted
with as small a longitudinal gyradius as possible.

APPARATUS

The experiment was conducted in tbe
Davidson Laboratory Tank NO. 3 (300 ft x 12 ft
x5.5 ft).

The model was attached to a towing appa-
ratus which gave the model freedom to pitch,
heave and surve (%6 ft) but restrained the mod-
el in roll, yaw and sway. The apparatus con-
sisted of a main carriage attached to tbe towing
cable. The model was connected by a heave
mast to a subcarriage on the rail. The towing
mast was permitted only vertical transitory mo-
tion guided by ball bearing rollers, and the sub-
carriage had only fore and aft translation mo -
tion. The model was attached to the bottom of
the heave mast by pivots with an athwartsbip

axis which allowed tbe model to pitch while
restraining it in roll.

The model was run at forward speed by ap-
plying a known towing force to the s ubcarri.age
by falling weights at the end of a string lead
over a pulley system fixed to the main carriage
The main carriage speed, controlled by a hand
servo was matched with the model speed. The
towing weights mre disconnected electrically
at the end of the run and the model slowed
down of its own accord,

The recording run length was about four
model lengths over which the model moved with

COnStant speed. A continuous speed record was
obtained by a tachometer and roller, fixed be-
tween the model subcarriage and tbe main tank
rail. The average speed was obtained by
measuring the time elapsed between two points
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TABLE 1. MODEL CHARACTERISTICS

!404. 1 Number 2681-: 2681-2

Prototype Mariner )!ariner

tieigi,c Distribution Design cargo J(

SI,lP LBP, Ft. 520.0 520.0

Model Cl,aritc. eriecics

Sc*le

Length on 20 S tatioas, Inches

1;96

65

9.5

3.47

‘2.72

0.61

0.98

140

1.44 Aft

24,3

1:96

65

9.5

3.47

2.72

0.61

0,98

140

1.42 Aft

19.5

Bean, Inches

Draft, Inches

BIH

Cb

Ctl

‘1 (L1100)3

LCB, ?. Station Length from K

Gyradiuc, % station Length

TABLE Z . SEGMENT PROPERTIES

Model 2681-1 Model 2681-2

wt. UC

lbs a From Q
ills .

——

1 about
Seg. UC
lb. Ln2

1 ac tua 1
I req’d

wt.
lbs .

—

5.33

EC
From M
ina.

I ●bout

1.17

1.23

1.10

1.32

1.08

1.04

8.o4 ,23.2X 165 22.75F 157L

2

3

4

5

6

6,50 11.95F 38 4.32 12.06F 35

8.17 3.99F 45 10.63

18.22

2.81F

3.87A

83

1118.34 3.9LA

7.49 12.31A

53

39 4.45 12.00A 37

I
9.84 22.18A 168 5.45 22.78A 163
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- Strain Gages

L cut In Hull

A = I.N+,, at STN 7-1/2, 10 ad 12.1/2

B = 0.95’, at STN 5 and 15

FIG. 4. STRUCTURAL BEAM

,.5

2.0 [

I
,.5 1

FIG . 5. WEIGHT DISTRIBUTION AND STILL

WATER BENDING MOMENTS

20 ft apart.

The wave probe was of the resistance type,
2 ft long, and designed for use in a ~ 6 in.
wave amplitude range. The probe was linear
over the wave amplitude range covered in the
test. The static calibration data points devi-
ated less than one percent of the range of cali -

bration from a straight line plot. The probe was
located 13 ft 6 in. forward of the null surge PC-
sition of the model.

Bending moments were determined from
bending strains measured by SR-4 A-19-tYPe
strain gages. The moments in the beam were
measured at stations 5, 7-1/2, 10, 12–1/2 and
15, the locations of the hull cuts. Typical
Iayo”t of the gages on the flexure at each
measuring station is given in the sketch that
follows:

The four gages together formed a full
Whetstone Brid9e circuit re9isterin9 bending
strains only.
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Before installing the beam in the model, it
was calibrated statically by applying known mo-

ments by loading the beam with concentrated MC
weights. Each set of gages proved to have lln - ,
ear outputs and there was no indication of metal ,,, JJ!!l .)!~ .,/$ . ... ?80”,,,,,,

hysteresis. i “J~-t2-\~j~j,)~j’}

In order to minimize high frequency noise
in the bending moment record, electronic pas-
sive filters were introduced in the electrical
circuit between the carrier amplifiers and “isi -
corders. The filters performance curve is given
in Fig. 6. A filter was introduced i“ the wave
circuit also to avoid phase errors in the phase
difference between the wave and the moments.

The outputs of the strain gages and wave
wire were amplified by Sanborn Preamplifiers,
model 3500-1100 with a carrier frequency of
2400 and 4.5 volts rms. The outputs of ampli-
fiers after passing through the filters were re-
corded by two vi?,icorders, model 1108.

/
\

/ \\
Samples of oscillograph records of bending

/ \,
moments are given in Figs. 7 and 8.

,“J,

\

~ls,c., \

FIG. 7. SAMPLE OSCILLOGRAPH RECORD,

FRFQUENCV - CYCLES PER SECOND

FIG. 6. FILTER P&3 PONSE

—.
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FIG. 8. SAMPLE OSCILLOGRAPH RSCORD

TEST PROGRAM

Since this project was an extension of the
investigations of midship bending moments by
Dalzell’ its test Program was followed for this
project. The outline of the test program ap -
Pears in Table 3. The outline contains the list
of model conditions of heading a“d speed com-
binations and the regular waves in which the
models were tested. Zero speed in following
seas was not considered because in the previ-
ous project it was learned that the midship bend-
ing moments during zero speed in both head and
following seas are quite similar.

Ratios of nominal wave length to model
length covered by the program were 0.75, 1.00,
1.25, 1.50snd 1.75. The ratios of nominal
wave height to wave length covered were O. 05,
0.07, 0.09, O.10 and 0.11. Inwaves Of A/L =
1.75, the capacity of the wave maker limited
tbe wave height to h/A = 0.9.

The test program table refers to speed as
fonrard, zero or drift speed but the actual speed
in terms of Froude number appears at the head
of the data curves.

The drift speed need qualification. For

TABLE 3. TEST PROGRAM

“-

,“.,=, ., ..”. “., s,,,

- ,,, ,.C+ ,.,, ,.5, ,,,,
. . . . . h“,,, —

each wave length the speed aimed at was the
speed at which the model was run in the previ-
ous investigation’ by Dalzell. Dalzell estab–
Iished the drift speed for all waves of same
length as the speed at which the model drifts
astern in the highest wave associated with the
particular wave length. In lower waves that
speed was maintained by applying reverse
thrust on the model.

The model with cargo amidships (2681-2)
was tested with zero speed in head seas (four
wave lengths) and forward speed in head seas
(one wave length) only. The program for model
2681-2 had to be curtailed due to an anticipated
shortage in the funds.

DATA P.SDUCTION

The magnitude of wave heights and bending
moments for each model run were obtained by
averaging the data recorded for 20 ft of model
travel. In the case of zero speed the averaging
was performed for 20 cycles of the time history.
In other cases the number of cycles depended
on the model speed, as follows:

_
Head Seas, forward speed 10-20

Head Seas, drift speed 10-15
Following Seas, forward speed 5-1o

For waves measurements were made of the
double amplitudes. For bending moments meas–

urements were made of the maxima of both hog
and sag moments from still water zero. These
moments were exclusive of high frequency
noise and whipping moments. Electronic



filters rejected all the high frequency noise ex-
cept the 24 CPS noise introduced by the funda-
mental mode vibration of tbe beam. Even in
this case the filters allowed only about 16 per-
cent of the noise to go through and this much
was smoothed out by eye when analyzing the
record. It should be noted that the 24 CPS
noise was recorded only at forward speed in
very high head seas. Samples of the oscillo-
graph records of bending moments are given in
Figs. 7 and 8.

AH the data were non-dimensionalized in
the process of data reduction. The wave
heights were non-dimensiOnalized by dividing
them by wave lengths and presented as wave
steepness. Bending moment was converted to
the non-dimensional coefficient p by dividing
the m by the quantity pgL” B where pg is the
weight density of water, L is the model length
and B is the maximum model beam.

DATA PKSSENTATION

The basic data is presented in the form of
two graphs for each combination of modei head-
ing, speed and wave length, A. One of the
oraohs aives the curves of bending moment. . —....— .
coefficients, p~aq and Phog (P = mOment/

pgL3 B) variation along the hull length for con-
stant wave steepness b/A. The other graphs
give the p~ and Ph variatiOn with wave steeP-

ness at each of the five stations where meas-
ure ments were made. These graphs appear in
Figs. 9-54.

It is necessary to bear in mind that WS and

~h refer tO dynamic bending mments and that
the origin of the graphs is the stili water, zero-
speed bending moments.

Figure 55 shows the location of bending
moment maxima aiong the hull length during each
different condition of heading, speed and wave
length. The values of maxima for constant h/k
of 0.05, 0.07 and 0.09 appear in Figs. 56, 57,
and 58 respectively.

For an overall view of bending moments

trend with wave height, all the data points of
each test station are plotted on a single graph
Of ~ VS. h/1 (Figs. 59-63). FOUr ‘different sym-
bols are used to distinguish between data for
the four basic heading and speed conditions.
Two envelopes are drawn to the scatter of the

data, one includes all the data and one excludes
data of the head-seas forward-speed case.

ANALYSIS AND DISCUSSION

The data analysis and discussion is pre-
sented in two steps. In tbe first step, each
case of heading and speed is considered sep-
arately and in the second step, an attempt is
made to compare these cases.

In view of the limited data for the model
with cargo amidships, the discussion of it and
its comparison with the normal weight distribu-
tion model is presented briefly.

The measured moments are dynamic mo-
ments. The still water bending moment coef-
ficients for the normal weight distribution con-
ditions are:

Station 15 12-i/Z 1O-(Q) 7-1/2 5

Hog .00022 .00040 .00047 .00043 .IJo029

The calculated static wave moments at mid-
ship in the standard L/20 wave are 0.00078 sa9
and .00059 hog.

NORMAL WEIGHT DISTFUBUTION MODEL 2681-1

Head Seas, Forward Speed, Figs. 9-18.
In the head-seas forward speed case the

Froude number was maintained between 0.13
and O. 14 in all waves. In terms of full-scale,
this range is 9.2 to 10.7 knots.

The maximum sagging moments are located
between Stations 8 and 9 in the hi9her waves
(h/k > . 07) while in lower waves (h/l < . 07)
they are located around station 10. The maxi-
mum hogging moments are located in the station
11-1/2 - 12–1/2 region, except in A . 1 .00L
and 1 .?.5L waves.

In waves of 1. 00L and 1 .25L for h/k > .07
hogging moments larger than at station 12-1/2
are developed at station 5 (Fig. 11, 13). con-
currently sagging moments at station 5 are large
also, amounting to 60-70 percent of the peak
moments near amidships. During these test
rungs a large keel emergence of UP to 30 per–
cent of the model iength was observed and ex-
amination of the bending moment oscillograms
showed evidence of flexure beam vibration (Fig.
7). Although accelerations were not recorded,
the evidence of beam vibration on the moment

(Manuscript continued on Pg. 19)

—



-8-

....
.,.,

>..,
..0.

~ ‘o”’
.“..

ul-L5&bL
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FIGS 9, 11, 13. BENDING MOMENTS VARIATION ALONG THE MODEL LENGTH

‘,IBEBH
FIG. 12

.

FIGS 10> 12, 14. BENDING MOMENTS VARIATION WITH WAVE HEIGHT
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FIGS. 15, 17, 19. BENDING MOMENTS VARIATION ALONG THE MODEL LENGTH

HEIGHT
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FIG. 21 FIG. 23 FIG. 25

FIGS. 21, 23, 25. BENDING MOMENTL3 VARIATIIJN ALONG THE MODEL ~NGTH

FIGS. 22, 24, 26. BENDING MOMENTS VARBTION WITH WAVE HEIGHT
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FIG. 27 FIG. 29 FIG. 31

FIGS. 27, 29, 31. BENDING MOMENTS VARIATION ALONG THE MODEL LENGTH
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FIG. 28 FIG. 30 FIG. 32

FIGS . 28, 30, 32. BENDING MOMENTS VARIATION WITH WAVE HEIGHT
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FIGS. 33, 35, 37. BENDING MOMENTS vARIATION ALONG THE MODE L LENGTH

FIG. 36

-LHW+

FIG. 38

FIGS . 34, 36, 38. BENDING MOMENTS vARIATION WITH WAVE HEIGHT
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FIG. 39 FIG. 41

FIGS. 39, 41, 43. BENDING MOMENTS VARIATION ALONG THE MODEL LENGTH

FIGS . 40, 42, 44. BENDING MOMENTS VARIATION WITH WAVE HEIGHT
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FIGS . 45, 47, 49. BENDING MOMENTS VARIATION ALONG THE MODE L LENGTH

FIG. 46 FIG. 48

FIGS. 46, 48, 50. BENDING MOMENTS vARIATION WITH WAVE HEIGHT



FIG. 51

FIGS. 51, 53. BENDING MOMENTS VARIATION ALONG THE MODEL LENGTH
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FIG. 52 FIG. 54

FIGS. 52, 54. BENDING MOMENTS VARIATION WITH WAVE HEIGHT
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record suggests that slamming occurred and it is
believed that this may account for the high val-
ues of bending moment.

The highest moments occur in waves of h =
1.25 (Fig. 56-5.9). Bending moments well inex-
cess of the calculated static wave moments at
amidships in a standard L/20 wane were meas-
ured.

The graphs of bending moment vs. h/,j show
that sagging moments are close to being linear
with wave height for h/k < .09. In 1. 00L length
waves there is a suggestion from the curves that
bending moment peaks may be reached at h/k c
.12, but this is not borne o“t in other wanes

The slopes of the dynamic hogging moment
curves are small except in 1. 00L and 1. 25L
waves where slamming is suspected and the mo-
ment at station 5 increases rapidly with increas-
ing wave height.

Head Seas, Zero Speed, Figs. 19-28.
In the head sea, zero speed case, the max-

imum sagging moments are located at amidships
except in very long waves or in waves with tvl
< .07 when the maxima are around station 12-1/2

For maxima of hogging moments the situation is

reversed where the low, the long and the short
waves have maxima at station 12-1/2 while high
waves of medium length have maxima at mid-
ship. It is significant to note that sagging mo-
ments as far aft as station 15 remain as high as
807.-90% of the maximum.

The maximum moments clearly occur in
waves of A = 1. 25L when h/L > .07, but when
b/X <.07, the maximum mOments. Particularly
hogging moments, vary little with wave length
betweeni . l.OOL toA . 1.75L.

Sa99in9 moments in excess of the calculat-
ed midship static wave moment in L/2 O waves
were measured in waves with A > . 75L and lvh >
.07. In the case of hogging moments, the meas-
sured moments remained below the L/20 static
wave moment in waves of k = 1. OOL - 1. 25L and
h/x> .09.

Examination of the graphs of bending mo-
ments vs. h/k show that there is no tendency for
sagging moments to attain peaks. Also, the
slope of curves for various stations for constant
wave length is approximately the same.

The Preceding description of sagging mo-
ment curves fits the hogging moment curves for

station 10 and 12-1/2 (where the maxima occur).
GUrVeS fOI station 5, 7-1/2, and 15 h?we lower
slopes and in waves of i = 1 .25L - 1 .50L they
tend to flatten out at h/1 = .08.

Head Seas, Drift Speed, Figs. 29-36.
The lengthwise distribution of moments have
sagging moment maxima in the region of station
10-11 and hogging moment maxima in the region
of station 11-12-1/2. In A = 1 .50L -2.00L
waves, the hogging moment develops two peaks
at stations 7-1/2 and 12-1/2, the latter being
the higher peak. Some indications of this ap-
pear in k < 1.5 OL waves where the hogging
curves are relatively flat at the maxima.

‘l’he highest moment occurs ink = 1. 25 Lwaves
when h/A > .07 and in A = 1 .50L waves when
h/1< .07.

Statically calculated wave moments at amid-
ships in L/20 waves are exceeded by moments
at station 7-1/2, 10, and 12-1/2 in waves of
A=l.OOL -l.25Landb/A> .07.

The first order dependence of moments on
wave height is clearly shown by the curves of
v vs. b/k. The change of klopes with h/). is
gradual and there is no clear and consistent
tendency to attain peaks.

Following Seas, Forward Speed, Figs. 37-44.
The Froude number range of 0.19-0.25 for

these tests corresponds to a full-scale speed
range of 14.6 - 19.2 knots.

The sagging moment maxima are located at
station 10. Tbe moments at station 15 are high
also and in longer waves, their values are of
the same order of magnitude as the moments at
station 10. The only exception to this is in the
data in A = 1. 25L wave which do not indicate
any secondary peaks aft. No plausible explaner
tion is offered for the different nature of the
curves for A =1 25L.

Hog9in9 moments in this case develop two
peaks at stations 7-1/2 and 12-1/2, respec-
tively, as in the case of head sea, drift-speed
case. In this case, the peaks at station 7-1/2
are relatively low.

The maximum sagging moments occur in A =
1. 25L waves a“d the maximum hogging moments
occur in A = 1 .50L waves.

The measured sagging moments at station 10
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in waves with h/,4 > .08 and the measured hog-
ging moments at station 12-1/2 in waves with
h/A > .06 exceed the calculated midship static
wave moments in an L/20 standard wave.

The curves of bending moments vs. h/X are
nearly straight lines and by virtue of their shape,
do not indicate any peaks.

CARGO AMIDSHIP – MODEL 2681-2

Head Seas, Forward Speed – A = 1. 25L
Waves only, Figs . 45-46.
The sagging moment maxim urn drifts from

station 11 in the b/A = .05 waves to station 9
in the h/A = .11 wave. The hogging moment
maxima are located about station 11.

Except in h/A < .05 waves, the measured
bending moments were considerably larger than
the statically calculated midship wave moments
in L/ZO waves.

Head Seas, Zero Speed, Figs. 47-54.
The sagging moment maxima are located

about station 12-1/2 while the hogging moment
maxima are located about station 10.

The highest moments occur in k = 1 .z5L -
1.50 L Waws.

In the region where the maximum moments
occur, the measured moments in the higher
waves exceed the statically calculated wave
moment at amidships in the L/20 wave.

Generally, both hog and sag moments are
nearly linear with II/i and, consequently, do
not show signs of an upper bound. Slopes of
moments at various stations for constant wave

length are approximate lY the same except at
station 5 where the slope is quite small.

COMPARISONS

Comparison of Data for Various Headinq
and Speed Combinations,
Figure 55 shows that the maximum sagging

moments are located in the station 8-10 region.
At zero speed, the sagging moment moximum
drifts aft to station 12-1/2 in waves with h/A <
,07. The maximum hogging moments are located

about station 12-1/2. At zero speeds the maxi-
mum drift 5 forward to midship in waves with

It/l< .07.

The lengthwise moment distribution curves,
show that there are two other areas where large
moments occur under certain conditions. In
waves of 1. OOL and 1. 24L, head seas at forward
speed, large moments were measured at station
5 and, in following seas, large moments were
measured at station 15. Although measurements
were not made beyond stations 5 and 15, the
slopes of the curves at these stations indicate
that the moments developed forward and aft of
stations 5 and 15 may possibly be larger than
the maximum moments in the middIe body. How-
ever, note that these two speed conditions would
be impossible to realize for the ship in the more
severe sea conditions simulated during the tests.
The installed horsepower of the Mariner is such
that only the conditions of zero-speed and drift
speed could be maintained in the steepest waves.

III both head seas, drift speed and following
seas, forward speed cases where the model is
moving in the same direction as the waves, the
hogging moments develop two peaks located at
station 7-1/2 and 12–2/2. This is much more
pronounced in following seas.

The largest moments occur in 1 .25L -1 .50L
waves. But, it can be seen in Fi9s. 56-58 that
as the wave height is reduced from h . . 10A to
. 05A the order of magnitude of maximum moments
in 1.00L – 1 .75L waves is the same.

In the highest waves, bending moments are
greater than the statically calculated wave mo-
ments at amidships in a standard L/20 wave.

Generally, dynamic sagging moments are
larger than the hogging moments, but the absO-
lute hogging moments are much larger than the
absolute sagging moments due to a still water
hogging moment.

The curves of moment coefficient versus h/).
for all cases, Fi9s. 10-44, show that at the Io-
cations where the largest moments occur in
waves of iv’1 up to 0.11, there is no clear ten-
dency for the moments to reach an upper limit.
Only at those points along the hull length where
moments are small do they tend to level off.

The rate of change of slope with h/k of these
curves is generally small UP to h/X = .09. Stat-
ing this in another way for first order estimating
purposes, it would be satisfactOw tO draw
straight lines through the data points in this
region. This seems even more reasonable when
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taking into consideration an experimental data
scatter range.

Figures 59-63 present all the data collect.
ed at each test station. They help to obtain the
maximum moments developed at a station in any
wave height in the range of b/X m .05 - .11.
They show that the highest sagging moments
were developed at station 7-1/2 - 10 in the
head sea forward speed condition. If the for-
ward speed is neglected as impractical, then
the highest sagging moments occur at stations
10 a“d 12-1/2 in drift speed and zero speed
cases, respectively. BY far, the largest hog-
ging moments occurred at station 12-1/2 in fol-
lowing seas .

comparison of Models. The model with
cargo amidships (2681-2) has larger bending
moments than the model with the normal weight
distribution (2681 -1 ). Relative to the maxima
location for Model 2681-1, sagging moment
maxima for 2681-2 are further aft a“d hogging
moment maxima are futiher forward.

_rison with other investigations. The
investigation reported here is an extension of
the investigation of midship bending moments
by Dalzell’ . Model 2251 A-v-1 of Dalzell and
model 2681-1 of this project are both original
Mariners with normal weight distribution and
the y were both te steal in the same wave condi-
tions. One significant difference beween the
models was that Dalzell’s model had a midship
house of appreciable extent whereas this proj -
ect’s model had only a small streamlined coam -
ing (See Fig. 1 and 2). It should be noted that
these are the only experiments known to the re-
porter in which extreme waves were made.
Wachnik and Schwartz’ have performed a very
similar test of a Mariner but in relatively low
waves, I/h . 20, 30, and 40.

COmParisOn of wave bending moments at

station 10 with Dalzell’s midship moment re-
sults show the following:

a. Sa99in9 moments results of DalzeU were
consistently lower than the results here.
Out of 17 comparable sets of results, 6
showed differences of 6 percent or less
and 4 showed differences between 6 and 15
percent. Average deviations in head seas
were 18 percent at forward speed. 13 per-
cent at zero speed, and 10 percent at drift
speed. In following seas the average devi-
ation was 10 percent.

b, Dalzell’s hogging moment results were gen-
erally higher than the results reported here.
Of 17 sets of results, 7 showed differences
of 5 percent or less and 4 showed differences

between 6 and 15 percent. Average devia-
tions in head seas were 30 percent at for-
ward speed, 4 percent at zero speed and 8
percent at drift speed. In following seas
the average deviation was 12 percent.

It is seen that there is reasonable agreement

between the two sets of values with the excep-
tion of the data for the head WSaS, forward
speed case. In all cases a visual comparison
of slope variations of corresponding curves
shows good agreement between the two acts of
resuks.

The bending moment results in head seas
from this project compare very well with the
DTMB data presented by Wachnik and Schwartza
in the case of the om nominal h/k ratio of
0.050 common to both sets of data. The foHow-
ing comparison is based on results shown in
Fig. 14 of Ref. 3 where A/L = 1.00, h/k . ,047
and the speed is zero.

w~ + Wh

Station DTMB DL

5 .0026 .0027
7-1/2 .0057 .0063

10 .0075 .0076
12-1/2 .0069 .0073
15 .0036 .0046

CONCLUSIONS

1. Within practical operational Iimlts of
speed in head and following waves for the
Marinertype ship, maximum wave bending mo-

ments in extreme regular waves occur in the
region from amidships to . 125L aft of amidshi~.

2. Ho99in9 and sagging wave bending mom-
ents are generally propotiional to wave height
up to a wave height/wave length ratio of O. 11,
the steepest wave that could be generated.

RSCOMMENDATIONS

1. Since only a limited number of tests were
run with the cargo amidship weight distribution,
additional testing should be carried out so that
the effect of weight distribution on lengthwise
variation of bending moment may be examined
more completely.
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2. ‘The results presented to date have been Shipbuilding Progre S% vol. 10, no. 101
based on tests in regular waves of extreme (January 1963).

steePness. It is desirable to repeat the tests
in realistic irregular waves and compare the re-
sults with those predicted from regular wave
test data.

3. An attempt should be made to explain
why a double reversal appeared in the variation
of hogging wave moment along the length of the
model in certain conditions.

4. It is desirable to check model tests
results against full-scale observations. It is
suggested, therefore, that model tests be
planned for a ship for which full-scale bending
moment and motions data are available.
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