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ABSTRACT

Communication between the theoret-
ical analyst of ship structures and the
practicing naval architect can be im-
proved by the mutual use of experimental
full-scale data from instrumented ships.
Such data can provide information on
seaway loads, ship responses, and the
transfer function between them. In
addition, full~scale data can be used
to verify or modify theory, investigate
operational problems,; and determine,
through a calibration experiment, ship
responses to applied loads in structural
regions where calculations are difficult
or impossible. Three examples taken
from instrumentation projects undertaken
on the SL-7 Class Containerships are
.presented.

INTRODUCTION

The title of this paper and today's
general heading of "Yesterday's Tech-
nology, Today's Ships" probably sound a
bit extreme. While these titles may be
overdramatic, the authors feel that they
do express the sense of frustration over
the time required for current theory to
be placed in practice, and over the lack
of data available to assist a ship de-
signer in making judgments as to which
analytical technigue will most accurate-
ly predict the characteristics of new
construction.

The main problem, ¢f course, is
communication. The theoretical analyst
usually has some disdain for the ship
design practitioner who wants the
analyst's formulae reduced to plug-in,
tabulax form so that he, the practition-
er, can use them. On the other hand,
the practiticner may not grasp the
significance of the analyst's advanced
thecries, and may lack the motivation
to understand them. A median ground
must be sought, therefore, where the an-
alyst brings himself to a semi-practical
level and the practitioner attempts to
pull himself out of the handbooks.

One excellent common ground where better
communication can result is in the use
of experimental data. Full-scale data

W e e e e Tor £l oamno -
rOm & properly instrumen

Tt
ship presents a set of numbers which
should be understandable by both
parties.

-1
ea

Collection of full-scale data is

necessary from a number of standpoints.

Any predictions resulting from mathe-
matical analyses of experimental models
must accurately characterize the actual
structure, or must be correctable in a
Xnown way to correlate the technique to
the actual structure,
properly interpreted, provide the cri-
teria against which all predictive tech-
nigues of structural response must be
judged. A second but equally important
use of full-scale data is to provide an
estimate of the input loads which form
the basis of the rational design. Such
loading data can be gathered directly
from a characterization of observed
service conditions, such as wind and
wave probability distributions, or in-
ferred from the response of the vessel
to the combination of these conditions.
The latter scheme requires a knowledge
of the structure's input-output or
transfer function which again can be
provided by adeguate full-scale data
describing actual loads and responses.
In sum, full-scale data can provide
three indispensable parts of rational
design: input loads, responses, and

the derived characteristics of the link
between the two.

Full-scale data collection sounds
easy, but as with any research project
certain basics must be applied in order
to obtain credible data. We list these
general steps that should be taken in
any instrumentation project:

1. The analytical community should
specify where the theoretical
modeling may be weak and what
data are needed for verifica-
tion or for use as inputs to
the model. In conjunction with
the practitioner a useful
program can then be formulated.

2. An experienced instrumentation
team should design and install



the data acquisition system
and follow the project through
data reduction.

Fnough data should be collected
to answer the guestions posed
within some agreed-upon limits
of accuracy, and to eliminate
secondary or extraneous in-
fluences.

This seguence is exactly what the

1 Structure Committee has done in the
past and is doing today. Every Ship
Structure Committee project receives
technical supervision from a Project Ad-
visory Committee of the Naticnal Academy
of Sciences/National Research Council,
which provides inputs from many related
disciplines. This paper deals with one
particular current project of SS8C: the
instrumentation program for the SL-7
Containerships (1, 2).
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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 cooperation be-
tween private industry, regulatory
authority and government, The goal of
the program is to advance understanding
of the performance of ship hull struc-
tures and the effectiveness of the

analytical and experimental methcds 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 concliu-
siong of the program will be completely
general, and thus applicable to any
surface ship structure.

The program includes measurement of
hull stresses, accelerations and environ-
mental and cperating data on the S5 SEA-
LAND McLEAN, development and installation
of a microwave radar wavemeter for meas-
uring the seaway encountered by the ves-
sel, a wave tank model study and a
theoretical hydrodynamic analysis which
relate to the wave-induced lcads, a
structural model study and a finite ele-
ment structural analysis which relate to
the structural response, and installation
cf long-term stress recorders on each of
the eight vessels of the class. In addi-
tion, work is underway to develop the
initial correlations of the results of
the several program elements.

It will be some time before the
various correlations and comparisons are
made and the final judgments are in con-
cerning the relationships cf the various
predictive techniques to the behavior of
The intent of this paper

the real ship.




is to provide a practical perspective on
the use of full-scale experimental data
as an aid to ship design by discussing
several examples.

THEORY VERIFICATION

One of the prime uses of instrumen-
tation is the verification of theory.
The analytical community tends to look
upon experimental data as "good" if it
agrees with theory, and "bad" if it does
not. It is therefore important, as men-
understand and accept the method of in-
strumentation and its application to the
particular design problem invelved.

In order to illustrate the de-
signer's concern with theory, we would
like to present an actual design problem
associated with containerships of the
SL-7 Class illustrated in Figure 1. Cne
of the peculiar design problems assoc-
iated with the containership open hull
structure is the consideration of tor-
sional moment effects., While the hull
torsional moment deoes have a minor effect
on the total vertical and lateral bend-
ing stress experienced by the upper
structure in the ship in open areas, it
causes major detail design problems at
the intersection of transverse hatch
girders and the longitudinal box girders,
and at the ends of the ship. The gener-
ally unrestrained midsection of the ves-
sel free to deflect in torsion is, of
¢course, restrained by the decked-over
ends of the ship. Severe restraint-of-
warping stresses occur at the ends of the
ship and similar high stresses will be
found at the intersection of longitudinal
and transverse deck structures. Aside
from the high local stresses, deflection
of the hull structure with relation to
the hatch coaming/longitudinal hatch
covers produces an extremely complicated
design problem. An excellent RINA paper
(3) describes some of these problems as
they applied to the OCL ships. Most of
these stresses and deflections are
directly related to the magnitude of the
torsional moment and, more importantly,
its absolute value at any point along the
length of the ship.

With this in mind, we call your
attention to Figure 2 in which the cal-
culated values of the torsional moment
for the SL-7 Containership based on the
methods of De Wilde and Grim are shown.
Grim's eguation allows more relative
wave directions to be calculated, and
his results seem more plausible with re-
gard to the shape of the ship, while
De Wilde gives only a simple cosine dis-
tribution. These curves have been plot-
ted for wave height of 23.3 feet (the
largest wave height required by ABS at
the time of the original calculation)
and 38.0 feet for demonstration purposes.
Waves have been encountered in excess of
38.0 feet, so that additional curves
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could be drawn to cover all cases. Using
the top curve (Grim, bow sea, 38.0 feet)
as an envelope curve, we think it can be
agreed that this is a gross approxima-
tion at best. With a good finite ele-
ment model and a proper torsional moment
distribution, restraint-of-warping
stresses and hull deflections could be
fairly accurately predicted. As it stood
some 5 years ago, however, the finite
element model predictions could be off by
a factor of 3 depending on what theory
and wave height assumption was used.

During the second season of data
acquisition from the S§S SEA-LAND McLEAN,
a severe storm with waves up to 50 feet
height was encountered. In response to a
large slam, a midship torsional moment in
excess of 100 Kft-tons was measured as
determined by extrapolation from the cal-
ibration data. This was an instance of a
dynamic stress-producing load measured in
saervice but not covered by the theoreti-
cal predictions. Under the same condi-
tions, stresses in the deck just forward
of the Aft House (Frame 142) were re-~
corded which were close to the highest
levels predicted by a Finite Element
Method (FEM) analysis (see Figure 3).

The FEM analysis (4) found this to be the
most highly stressed area on the ship.
Seaway measurements, however, found the
hatch corner just aft of the Forward
House (Frame 290}, which has a geometri=-
cally similar cut-out, to exhibit an even
higher stress., It is interesting to note
that although no analysis combining ver-
tical, lateral, and torsional loading pre-
dicted high deck stresses in this area,
it is the only point of structural hull
failure encountered on all eight vessels
of the class. There are several reasons
why these stresses are higher on the real
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ships than in the analysis:
1l.. Secondary dynamic wave loadings
due to high ship speed in heavy
seas may produce high short-term
stresses throughout the bow
area. BSince the forward end of
Hatch No. 1 has the least
modulus in this area because
the box girder area is reduced,
momentary stress extremes do
occur.

Warping stresses due to the roll
of the vessel in a seaway may be
increased by superposition of
lateral bending mode stresses.

Although more prevalent in a
guartering sea, the directional
shearing of the bow and result-
ing compensating steering
maneuver may add to lateral

and torsional moment.

With these factors in mind, the
third season data acquisition program
was restructured to investigate some of
these areas. Very high circumferential
stresses at the hatch corners were meas-—
ured as shown in Figure 3. Perhaps even
more significant is the frequency of oc-
currence of these high stress levels,

and their correlation to factors other
than wave height and direction. Simul-
taneous analog magnetic tape recording
allows expansion (or compression) of the
timebase of such data for interpretation.
An example of such a record from the
third season data is presented in Figure
4. During this period quartering waves
and swells were only three to five feet
in height. Yet, peak-to-trough stress
levels {excluding still-water components)
were frequently measured in excess of 30
Ksi, Such high stresses, so frequently
experienced, could induce fatigue crack-
ing failures even though their absolute
levels may be well below yield. When
cracking did appear in these areas, it
was possible, based on the knowledge of
the recorded data for outboard locations,
to demonstrate that these were self-
limiting localized phenomena and not the
first indication of a possible catas-
trophic failure.

A further review of data such as
presented in Figure 4 provides insight
relative to what is causing the high
deck stress levels. WNotice the high cor-
relation between roll, rudder angle, and
stress. Apparently, due to the gquarter-
ing sea, course corrections induce rolls
which, due to the extremely fine bow,
cause significant combinations of tor-
sional and longitudinal horizontal bend-
ing, It is expected that an understand-
ing of this interaction mechanism will
result, not only in lower stress levels,
but in revised operating procedures for
improved motion control and steering.

The authors feel, therefore, that
even with the degree of analytical
sophistication available today not
enocugh is known about the dynamic load-
ing any one particular ship encounters.
Moreover, it is doubtful that the com-
plete loading spectrum of any one vessel
will ever be known. If the designer has
detailed design problem areas, instru-
mentation of preceding ships is "the only
way" to obtain order-of-magnitude
stresses and deflections. New ship de-
signs can then be estimated more accu-
rately by using recorded experimental
data and modifying to fit, or by theore-
tical extrapolation of the recorded data.
With sufficient data, of course, new
theory can be postulated with increased
confidence.

The cost, carrying capacity, speed,
and other parameters of today's ships
are so sensitive to ship weight that the
designer can no longer afford to design
on yield strength with a safety factor
of 5.0. The stress values shown in this
paper indicate that on the SL-7, in
terms of stress level, not too much
material has been wasted in the upper
girder structure of the ship.
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INVESTIGATION OF OPERATIONAL PROBLEMS

A second general use of instrumenta-
tion is the determination of the dominant
variables in a complex design problem.
The example we would like to use here is
the strut bearing and shaft problems en-
countered with these new SL-7 container-
ships.

As originally designed, the inter=~
mediate strut bearings (see Figure 5)
were a water-lubricated phenolic type,
while the main strut bearings were (and
are) oil-lubricated Babbitt. Some wiping
of the main strut bearings after only
short service was attributed to an over-
loading of this ¢il bearing caused by
excessive wear of the intermediate phe-
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shaft alignment. The intermediate bear-
ing was then converted to an oil-lubri-
cated Babbitt type. Although this
particular problem was solved in this man-
ner for some time, considerable ©0il leak-
age from the strut bearing seals is now
experienced, and thus major bearing
problems still exist.

Key: ({a) Hull Penetration (2 places)
(b) Ribbon Cable Bonded to Strut

(c) Intermediate Strut
(d) Aft Bearing Seal

(e) Intermediate Shaft
(f) Fwd Main Bearing Seal
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There are an unbelievabkle number of
variables which ¢one could speculate as
being associated with this problem, such
ast:

1. The change in shaft alignment
between low- and high-power
operation, and the change in
bearing loads, strut and shaft
stresses, shaft and strut de-
flections and bearing seal
pressures assocliated with this
change in alignment.

2. The dynamic load and deflection
in the shafting and bearings re-
sulting from resonant and off-
resonant response of the shaft-
ing system to the harmonic
forces and moments geinera ted

at the propeller.

3. The relative movement of the
shaft seals resulting from the
fore-and-aft dynamic motions
of the strut.

4. The effects of ship motion and
deflections in the seaway upon

o
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Fwdgd——»

{h} Fwd Fairwater

(i) Fwd Bearing Seal

(i) Bearing Housing

{k) Aft Fairwater

(1) Aft Main Bearing Seal
(m) Rope Guard

PN

inj Propeller

Fig. 5 Schematic of Qutboard Instrumentation
for Shaft Seal Investigation



hearing reactions and shaft
stresses.

The influences of the hull
structure to which the struts
are attached upon the stiffness
of the struts.

The changes in bearing pres-
sures and journal clearances
resulting from the shaft carry-
ing different steady radial
loads and steady moments and
deflections at slow speed and
at rated speed.

The shaft motions and bearing
pressures generated by the
rotating shaft excited by har-
monic radial shaft forces and
harmonic moments as applied to
the main and intermediate bear-
ings.

The thermal stresses assocliated
with a shaft having a high heat
input for a given length and
cooled by water on both sides
of the heated secticn.

The dynamics at a bearing of sud-

denly stopping the shaft, and
the stresses in shafting assoc-
iated with such sudden stopping.

Analyzing all of these variables and
conservatively coupling (probably adding)
them would produce loads, deflections and
enough suspected problem areas to throw
terror into the hearts of owners. It is
possible that major problem areas would
be identified, but the actual values
needed for corrective design could not be
obtained. TInstrumentation showed that
many of the above factors were minimal.
More importantly, it showed an internal
lube 0il pressure oscillation magnitude
that could not be explained initially.

As noted above, many hypotheses had
been advanced to attempt to explain the
failure of the seals and bearings. Among
the most reasonable of these was the
existence of variocus critical vibratory
modes of the shaft and various combina-
tions of bearing oil pressure and varying
seawater pressure. Based on these
hypotheses an instrumentation system was
designed (see Figure 5} which incorpo-
rated extensive pressure instrumentation
and some displacement sensors.

Although the conditions which were
thought to exist in the area of the
bearings could bhe monitored by conven-
ticnal gauging, it was decided that
transducers capable of extended fre-
gquency response and a larger dynamic
range would be good insurance against

Transducer Locations

W Cabling Bonded to Strut
“W b:.n Bonde

Fig., 6

E-7

Completed Transducer Installation on Struts



unexpected conditions. Pressure trans-
ducers capable 0of responding to fre-
quencies ten times greater than expected
and pressure five times greater than
expected were selected. In addition,
the noncontacting proximity sensors used
had a linear range twice the nominal
bearing clearance, and a usable fre-
guency response in excess of ten times
greater than anything which could be
encountered in service,

Since the struts were external to
the hull in an area which could be sub-
jected to cavitation due to the high
ship speed, a special method of hard-
wiring the transducers to the instru-
mentation inside the hull was reguired.
After some laboratory experimentation,
it was judged that adhesive bonding of
ribbon-type cable along the bearing
housing and up the strut te a hull
penetration away from critical cavita-
tion areas would offer the best trade-
off between reasonable protection for
the wiring and minimum surface profile
disturbance., The completed installa-
tion is shown in Figure 6.

In addition, a system of installa-
tion technigues and sealing was de-
veloped which met all requirements for
adequate protection, schedule considera-
tions and operational security.

Data were taken during a regular

Pacific crossing from which the follow-

ing conclusions were developed:
1. The lube o0il pressure, at the
ends of the main hearing, oscil-
lated at a freguency exactly
five times the shaft rotational
rate (propeller blade frequency).
The magnitude of the oscilla-
tion varied with shaft speed
and the applied 0il bearing
pressure. Below 80 RPM the
oscillations were not signi-
ficant (see Figure 7}.

The seawater pressures oObserved
on the forward face of the
bearing seal were greater than
those on the after face, and
this differential increased with
increasing ship speed.

Oscillatory transverse and
vertical deflections of the
shaft relative to the main
bearing seal housing were small
compared to the bearing clear-
ance and no resonant modes were
noted. The motion of the shaft
center was determined at all
speeds including the condition
of the shaft on jacking gear.
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Steady state shaft position is
significantly affected by ship
motion and changes of shaft

speed in the lower RPM ranges.

The experimental data showed much
higher pressure fluctuations in the main
strut as opposed to the intermediate
strut. As longitudinal movement of the
shaft would have an equal effect in both
bearings, it was deduced that an un=-
expected condition existed: that the
main bearing housing oscillated with
respect to the shaft in the axial direc-
tion. Due to the geometry of the bear-
ing assembly, severe cyclic fluctua-
tions in the bearing oil pressure were
developed. Such conditions were appar-
ently heyond the acceptable range of
pressures which could be endured by the
seal, In addition, due to the design of
the lubrication system it was not pos-
sible to diminish these pressure fluctu-
ations. Decreasing the internal oil
pressure would allow water into the bear-
ings; increasing the ©il pressure only
resulted in a heavy loss of oil.

As a result of these findings, a
further experimental effort was under-

taken aimed at determining the loads

and deflections which existed at the
main bearing., A sSet of strain gages was
used to instrument the main strut during
a later drydocking of another ship in
the series.

Before this installation was made,
however, a retrofit of the problem area
was designed which took out the strut
oscillatory forces by connecting all of
the struts to the stern tube. A similar
arrangement of instrumentation of pres-
sure transducers and strain gages was
installed on this second vessel. As
expected, the previously cbserved oil
pressure fluctuation conditions were
found not to exist when this vessel was
again placed in service. After a week
in gservice, however, the weld holding
this new tube restraining assembly
failed allowing again partial movement
of the main strut. Upon monitoring the
reactivated instrumentation, it was found
that the oscillations in lube oil pres-
sure had returned (Figure 8). The strain
gages provided additional valuable in-
formation.
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Lessons to be drawn from the above
experience include:

1. Unless the preoblem is absoclute-
ly defined, an excessive speci-
fication in instrumentation can
be valuable.

2. When layving out an instrumenta-
tion system, as much data as
possible should be gathered.
The additional cost, once any

installation is made, in added
channels or capability is

usually minimal.

3. The recording medium should be
as flexible as possible. Al-
though a manual reading of a
meter is sometimes adequate,
any waveform or dynamic data
is lost. Similarly, although
an oscillograph will record
relative phase and waveform
data, no time-base expansion is

noagihla Takar and gurh a for-
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mat does not lead itself to
further automated data analysis.
Analog magnetic tape recording
is an excellent method when the
number ©f data channels is

roala+tivaly eamall arnd +haras ico
relatively small and there is
uncertainty 'about the nature of
the data.

4., A thorough knowledge of state-
of-the-art in instrumentation

tachnionees alono with an an-
techniques along with an ap

preciation of the system being
measured is essential for goed
results and a cost-effective
program.

pair, maintenance, and en-
vironmental observations) is
useful, if not essential, for
one-shot efforts involving a

planned experimental program.
Programs can alse be conducted

Programs can sc be conducted
fully automatically if plans
provide for the acgquisition
of the other data (shaft RPM,
lube o0il feed conditions, etc.}.

CALIBRATION OF THE S8 SEA-LAND McLEAN

This experiment is a third illus-
tration of the uses of instrumentation
data in ship design. Comparing meas-

ured ship stress variations with wvalues
calculated to result from a known chanage

alculate resul knou hange
in loading can provide basic information
of great value. And, measuring the
regsponse in areas where calculations

are impossible can provide informaticn
otherwise unobtainable, In addition,

a calibration of an instrumented ship

will provide verification of instrumenta-

tion system performance, and thus of
the accuracy of seaway data.

The McLEAN calibration experiment
was conducted on 9-10 April 1973 in
Rotterdam (5). Six loading conditions
were specified in the course of unload-
ing the ship in a manner which maximized
both vertical bending and torsional load
changes. At each loading condition all
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existing container weights and locations,
and the drafts along the ship. Calcula-
tions of vertical bending moment and

torsional moment for each condition were
provided by the American Bureau of Ship-

ping, and the related stress chanass have

ping,; and related stress changes have
been compared with the measured values in
Figures 9 and 10.
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In the absence of detailed section-
al information suitable for calculating
shear stresses using the calculated tor-
sional moments, the moments themselves
have been plotted along with the meas-
ured shear data. The comparison is
generally good. Virtually no output is
indicated until the start of the torsion-
al loading condition. Although there is
no change in the horizontal bending
sensor output for Conditions 1 through 4,
an increasing output is indicated for
Conditions 5 and 6. This corresponds

to the torsional stress distribution
(restraint of torsional warping result-
ing in symmetrically opposite normal
stresses about the centerline and tor-
sional neutral axis}. It is also pos-
sible that some of this is due to
thermally-induced horizental bending
which is restrained by the constant-
temperature ship bottom.

There is a linear relationship be-
tween calculated vertical bending stress
changes and measured values, with meas-
ured values consistently about 80 per-
cent of these calculated, as shown in
Figure 11,
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Fig. 11 Midship Longitudinal Vertical
Bending Stress: Measured vs.
Calculated

The instrumentation of the McLEAN
was planned so that the full-scale meas-
urements could be compared with various
experimental and analytical models.

The calibration calculations, however,
provided data for comparison at only a
few transducer locations. Neverthe-
less, the response of other strain gages
to the applied loadings is of great
interest.

Most of these gages were placed in
the regions of hatch corners, especially
at transitions from a wider to a nar-
rower hatch width. For example, a set
of strain gage rosettes was placed port

and starboard just aft of the Forward
House, near the Hatch No. 1 corners.
Since all of the cargo used to apply the
vertical bending and torsional moments
was aft of this section, one might ex-
pect negligible stress changes. Rela-
tively significant longitudinal stress
changes were exhibited, however.

These are associated more with the
restraint-of-warping stresses than with
the bending moment changes. Both the
Forward and Aft Houses restrain the

free action of the open cell torsional
deflections, thus giving rise to signi-
ficant (in comparison with those

induced by vertical bending) longitudinal
stress components, These components are
especially important at hatch corners
near the house structures because the
house structure geometries further in-
crease their magnitudes.

Three gages (SY) were located cir-
cumferentially about the hatch corner
reinforcement on the starboard side just
forward of the Aft House ({Hatch No. 5).
The first of these gages, SYA, displayed
the highest recorded strain change of
any gage during the calibration. This
gage was located 22 1/2 degrees from
the longitudinal direction around the
cutout ring. These gages were installed
especially for the calibration, and
were read with a strain indicator.

As presented above in this paper,
significant stress variations have been
recorded underway from a number of
new gages installed around the periphery
of the hatch corners during the third
season of data acquisition which ended
in March 1975. <Complete information
about all underway data will be pub-
lished by the Ship Structure Committee
in the report of the data reduction
from the third season.

The calibration of the McLEAN has
generated data which not only gives
confidence in the seaway data, but also
provides information on loads and
responses not otherwise obtainable.

The relatively high stresses measured
at the hatch corner during the calibra-
tion accentuated the concern for the
structure in this region, concern which
was justified by a subsequent history
of cracking. The availlable seaway data
now provide a measurement of the actual
stress levels being experienced, values
which the theoretical predictions did
not show.

CONCLUSION

This paper has presented three
examples indicating that there are
several uses of experimental data in
predicting and understanding the bhe-
havior of real ships. No amount of
computer or model studies can ever
provide the level of confidence in the
answers that such real data under real
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conditions provide. We firmly believe
that instrumentation is "the only way"
in many cases, and urge that experi-
mental data be incorporated as swiftly
as possible into the notebooks of both
the academic researcher and the prac-
ticing naval architect.

REFERENCES

1. R.

A. Fain, "Design and Instal-

lation of a Ship Response
Instrumentation System
Aboard the SL-7 Class Con-
tainership S8 SEA-LAND
McLEAN," Ship Structure
Committee Report SSC-238
(sL=-7-1), 1973.

Boentgen, R, A, Fain, and
J. W. Wheaton, "First
Season Results from Ship
Response Instrumentation
Aboard the SL-7 Container-
ship S5 SEA-LAND McLEAN
in North Atlantic Service,"

Ship Structure Committee Re-

port.

Meek, R. Adams, J. C. Chapman,

H. Reibel, and P. Wieske,
"The Structural Design of
the 0.C.L. Container
Ships," Paper No. 4, Royal
Institution of Naval
Architects, Spring Meet-
ings 1971.

M. Elbatouti, D. Liu, and

H. Y. Jan, "Struectural
Analysis of SL-7 Con-
tainership Under Combined
Loading of Vertical,
Lateral and Torsional
Moments Using Finite Ele-
ment Techniques,”

Ship Structure Committee
Report S55C-243 (SL=7-3},
1974.

R. Boentgen and J. W. Wheaton

"Static Structural Calibra-
tion of Ship Response
Instrumentation System
Aboard the SS SEA-LAND
McLEAN," Ship Structure
Committee Report.

E=-12



DISCUSSION

Pin Yu Chang, Member

The authors as well as the members in the
Ship Structure Committee have conducted a much
needed and useful investigation for the Society
of Naval Architects in the Sea Land 7 instrumen-
tation project. This paper is a useful addition
to the literature and I expect that much more
information will be forthcoming as the project
proceeds.

I fully agree with the authors that com-
munication between the theoretical analyst of
ship structures and the practicing naval archi-
tects can be improved by using experimental full-
scale data and that full-scale data properly
interpreted provides the criteria against which
all predictive techniques of structural response
must be judged. There are however, several
points I would like to bring out for further
discussion.

First, I do not agree that the theoretical
analyst has disdain for the designer who prefers
simple formulae. Members of Panel HS-3 are now
working on a manual for structural stability.
The main goal is to provide simple formulae,
tables or charts for the designers.

Secondly, I do not agree with the authors
that the analytical community tends to look upon
experimental data as "good" if it agrees with
theory or as 'bad" if it does not agree. A typi-
cal example is the stability of shells. Theo-
retical stress predictions are usually much
higher than experimental results. But no analyst
has ever said that the experiments are bad.

In my opinion, an experiment is bad if it
is planned improperly and/or executed improperly,
not because the ceorrelation 1s poor.

At the present stage of ship strength
analysis, we still don't know much about a num—
ber of important factors about the structural
loading and response of ships. The only way to
increase our knowledge about these important
factors is for both the analysts and the experi-
mentalists to closely work together. Experi-
ments or instrumentation without the guidance of
the theory has little value. Theory without
the guidance of experiments 1s impractical.
Detailed and careful interpretation of the
collected data is also essential to obtain
correct conclusicens.

According to the authors "It will be some
time before the various correlations and com-
parisons are made and the final judgements are
in concerning the relaticnships of the wvarious
predictive techniques to the behavior of the
real ship," It is difficult to understand how
the authors can conclude that lnstrumentation is
the only way if the results have not been
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analyzed.

One of the reasons which the authors used
to draw this conclusion is that the theoretical
predictions by ABS are different from the sea-
way measurements. I would like to ask the
authors whether these differences occur under
the same loading conditions? It seems to me
that only 6 loading conditicns have been con-
sidered in the predictions and the experiments
cover many more loading conditions.

In fact very gceod correlation has been
obtained between finite element analysis and
strain-gage measurements in the past by ABS
and Det Norske Veritas for other ships. The
Esso Norway is one example.

It is true that the theory for predicting
the seaway loading is not yet very accurate.

But the question is, can instrumentation alone
solve this problem?

In claiming that instrumentation is the
only way, the authors seem to have neglected the
difficulties and limitations of experiments.

First, all the measurements from strain
gages are only relative. The data shows only
the change in strain from the calibration condi-
tion. Secondly, if the absclute stress is be-
yond the yield point of the steel, the stress-—
gtrain relation depends also on the loading
history. In other words, if the absolute stress
at one joint was -25,000 psi, them what is in-
dicated by the measurements to be 50,000 psi is
really only 25,000 psi tensile. Similarly a
puint with measured stress of 10,000 psi may be
subjected to an absolute stress of 30,000 psi.
This is on the assumption that all strain gages
performed properly.

Thirdly, there is the factor of residual
stress which cannot be predicted by the theory
nor by the instrumentation. With these Iimita-
tions it seems to be too early to say that
instrumentation is the only way.

In view of these difficulties and uncertain-
ties, it is recommended that all the collected
data be subjected to careful study and proper
interpretation not conly from the theoretical
viewpoint but also from the practical point of
view. This is no easy task. The interpreter
must be able to separate the effect of many
factors, and must have profound knowledge about
the relationships between all the factors in-
volved. The $8C, Sea Land Service, and Teledyne
have done a service to the industry in providing
us with these valuable data., But we have to
interprete and organize them properly before we
can use them for the benefit of the shipbuilding
industry.



AUTHORS' CLOSURE

We wish to thank the contributors of both
the written and oral comments on our paper.
Their remarks present an opportunity to clarify
and amplify the points which were not adequately
covered in the paper due to the requirements of
brevity.

It was not our intention to imply an adver-
sary relationship between the theorist and the
practicing naval architect. We wish to empha-
size, however, that the ship designer requires
timely answers that have a high degree of con-

fidence.

wotk of the HS-3 Panel in ration-
alizing design data will be a large step in the
right direction.

Th o~
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When analysis technique is used, degigner's

requirements are not being met. The example of
the shafting instrumentation given in the paper
Experimental full-scale meas-
urements do not involve modeling assumptions, do
not rely on theoretical approximations and do
include all factors whether explicitly recog-
nized or not. Such was the case in the example
presented; a phencmenon was present which had
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15 case.,

Pr or even included in the
models. Of course, if poorly designed or if
the scope of the problem is not appreciated,
even full-scale instrumentation can be mislead-
ing. Here is the place for close cocperation
between the theorist and experimenter.

In the matter of shell theory, the consist—
ently lower buckling loads observed in experi-
ments is a reflection of the "real worid", or
what is attainable in practice, regardless of
the assumptions made by theory with respect to
initial straightness, end fixiry, umiformity of
the final analysis, theory
should predict what is observed in real life in
a way that 1s useful. If theory camnot so pre-—
dict and the actual structure is available, then
instrumentation is the enly way to obtain real-
istic data.
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Whether or not the loading conditions as-
sumed in the finite-element analysis matched
that measured in a seaway is not the point. The
location and magnitude of the maximum stresses
predicted were different from those actually
observed. Additionally, the magnitude and
frequency of the cyclic stresses near the hatch
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cracking even under sea conditions much lower
than considetred in the FEM soluticn. Tf the
designer had relled exclusively on such pre-
dictions, without regard for their limitaticns
and shortcomings, serious errors would have been
introduced, While the
invaluable tocl, it, too, must be tested against
the criteria of its ability to reliably predict
design parameters, regardless of the assumptions
inherent in making the analysis. Here again
instrumentation provides the answers for the
judgments and feedback f further
of theory.

A reference by a discusser was made to
residual stress which, it was said, could not be
predicted by theory cr instrumentation., In fact,
certain techniques, such as trepanning, can
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determine the residual state of stress.
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Some

NDT techniques can also be used to measure

residual surface stresses. Perhaps this 1s an

example of where knowledge of available tech-

niques by an experimenter could aid the theorist.
In sum, the authors do not refrain from

using theory,
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E5peCiasly it indicates the
parameters influencing a problem. 4And, of
course, much theoretical analysis is well-proven
(e.g. calculation of "static" midship bending
moments) and in no need of further refinement.
We do maintain, however, that for many of the
problems confronting the ect, theory
in many cases is insufficient or tco cumber-
some, and past experience or current instrumen-—

tation is, in practice, the "Only Way",
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ERRATA

On page E-3 of our paper, the units of
the vertical axis of Fig. 2 should be in tens
of Kit-t or 10 Kft-t (instead of Kft-t). On
page E-10, the horizontal axis of Fig. 10
should be labeled in a manner identical to that

in Fig. 9.



