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NOTATION

Clecarance between the calm water surface and the ship
cross structure or freeboard at longitudinal location L.

Draft at L

Longitudinal metacentric height

Transverse metacentric height

Significant wave height. average of cthe 1/3 highest waves
Lateral acceleration in g

Longitudinal location for which reiative motion between
ship and water surface was predicted

Length between perpendiculars

Vertical acceleration in g

Response amplitude of operator

Relative bow motion at L.

Root mean sqﬁarc. square root of variance

Natural heave period. period corresponding to maximum
value of beam-sea. zero-speed heave RAO

Natural roll periou. period corresponding to maximum
value of beam-sca. zero-speed roll RAO

Natural pitch period. period corresponding to maximum
value of head=sea. zero-speed pitch RAC



ABSTRACT

The secakeeping charactenstics of six basicaily different ship designs were
evaluated to determine their comparative effectiveness as 3 U.S. Nawy
workbnat. Three of the designs represent conventional monohulis with
different size and speed capabilities. Ship A represents the currently empioved or-
pede fetriever boat. and Ships B and C represent larger versions of A with expanded
capabilitiecs. Two designs (Ships D and E) renresent small waterplane vehicles
which have the same mission capabilities as B and C. Again. Ships D and F
differ primarily 1n their speed capabilitiecs. The remaining candidate design.

a column-stabilized catamaran. represents a vehicle which has two dntinct
operating characternistics. In the transiting condition. this ship » cssentially
an oceangoing catamaran and is denoted as Ship F. Once the working station
1s reached. this ship floods down and hecomes a very small waterplane arca
vehicke. The submerged catamaran hulls are connected to the superstructure
by four slender elliptical vertical struts.  In this configuration. the ship »
designated as Ship G.

Based on the weighed charactenstics of all ship candidates in tranat as
wel! as in the station-kecping mode. 1t was established that Ship £ (3 20-knot.
small waterplane arca twin hufl SWATH design) is the most suitable ship for
the defined missior, of a4 Navy workboat. This conclusion is based entirels on
the seakeeping responses of the candidate designs without reference 1o con-
struction or operaling cosls.

ADMINISTRATIVE INFORMATION

This work was conducted at the Naval Ship Rescarch and Development Center (NSRDC)
by Ship Performance Department Code 156X at the request of NSRDC™s Svstems Develop-
ment Department. The work reported hercin was funded under Work Uit 1-1 170083,

INTRODUCTION

The U.S. Navy has been emploving a small 83-Foot hardchine boat in s
Hawaiian operations. This boat has been found to be far from ideal as a workboai in sts present
role because of its limited size and the associated scakeeping charactenistics. NSRDC was
requested to perform a tfeasibility design for 4 workboat that is more suitable for
present and projected tasks in the Hawaiian arca. The scakeeping analvsis undertaken for
thix feasibility design is the subject of the present report.

Ship motions. including accelerations. and the rvlative ship to water motions were pre-
dicted in longcrested. irregular seas for a so7:s; of six ships of basically different design.



Five represent competing leasibithty designs for a workboat to be used by the Navs

and the other represents the exnting workboat  Since the five competing feasibthity
Jvesigns all have the same mission. motion predichons were made for a senes of realistically
related ships by using a vaneny of dovumented and undocumented ship motion computer
programs.

Thiree aspects of these prediction procedures were somewhat unusual for thus type of
motion investigation. The first was the use of four distinct wave spectra 1o represent sea
conditions at 2 specific sea state or wave height level. The second was that ship responses
were ovaluated tor ship mission-onented conditions, i.c.. transiting in head seas to the work
site and stationkecping at the work site. The third aspect was that their effectiveness was
cvaluated by considenng how well the vanous candidates meet speditic ship response

critena for the two operating conditions.

PRZDICTION PROCEDURE
CVERVIEW

Four basic computer programs or groups of programs were used te develop ship responses.
Two programs developed the responses in the frequencey domain. and the other two developed
and reduced these responses in the tme domann.

The finst program developed the response amplitude operators tRAOs) and the second
program calculated the responses of the various ships for g series of four distinct sca con-
ditions selected trom the intended operating arca of the workboat. The third program con-
verted the resalts of the first program inte the time domain. and the fourth program
computed the critical wave heghts at which ship performance would be degraded by mission-
interrupting cvents such as slamming or deck wetness. 1t is pointed out that the results of
the second progmam were used primarnly to check the time domain ship responses of the thi- .
computer program.

Three different computer programs were used to calculiate the RAOs which characeerize
ship responses for particuiar load. speed. and heading conditions. Monohull RAOs were
obtained from the NSRIXC Ship Motion and Sea Load Program.!-? Both head and beam sea

I\Ccych. W.Gloet gl UMarral NSRIXC Ship Monion and Sea Load Computer Program.” NSRDC Report 3376
11975). A complete listing of reterences s given on Dage 33,

:Saivﬂtfl. N. et gl TShip Maotions and Sea Loads.” SNAMI Trans., Vol. 7R, pp. 250287 (19700,

ts



RAOs were obtained for the monohuills from this program. RAOs from SWATH and column-
stabilized catamarans in head seas were obtained from an undocumented, modified version of
the Frank Close-Fit Ship Motion Computer Program.?** In turn, the beam sea RAOs for
these ships were calculated by using an undoacumented computer program as v.ell as roll
damping coefficients measured during SWATH model experiments.

The RAOs calculated by the vanous programs were converted to a single consistent
coordinate svstem prior to their use as input to the third or time domain conversion pro-
gam. The time domain conversion was performed by using the procedures of several investi-
gators.®

The relative bow motions calculated in the fourth program were developed according to
the procedure given in Appendix A, Simple fevel crossing techniques were employed to
establish the number of critical events (slumming. deck wetness or cross-structure impacts) ’
that would interrupt ship mission during 36 minutes of operation in the selected seawzys. [t
should be noted that all ships were subjected to exactly the same scaway time history at 2
particular modal wave penod and speed condition. Thus the responses of the individual

candidate vehicles are directly comparable at the various conditions.

SHIP AND PREDICTION PARTICULARS

Figure | presents the particulars of the seven conligurations for which response pre-
dictions were made. Ship AL a small 85-foot hardchine boat. was included because it
represents 4 workboat whose response characteristios as o Navy workboat are
alrcady known. The objectionable charactenstics of this boat when transiting to the work
site (slamming. wetness) as well as during stationkeeping at the site (excessive roll) thus
represent response levels against which the new workboat candidates can be compared.

Both the cross sections of the candidate boats at a longitudinal location L. and the

location of L. on the calm-water waterplane arca are shown in Figure 1. L. was the

3!- rank. W, and N. Salvesen. “The Frank Clese-Fit Ship-Motion Computer Program.”™ NSRDC Report 3289 (1970,
"Jnm. H.D.. "Catamaran Motion Prediction in Regular Waves.” NSRDC Report 3700 (197,

"I.a.'nick. K.t and J.A, Diskin, “"Modeling Tecknigues for the Fvaluation of Anti-Roll Tank Devices,” Third Ship Contes,
Symposium. Bath, England (Sep 1972),

-

6Wilhl‘inglon. 1K.. " Anaiytical Methods for Verifying the Structural Integrity of LNG Carriers.” Third International

Conference un Liquified Natural Gas, Washington. D.C. (Sep 1972).

7Baitis, AE. et al.. “ILNG Cargo Tanks: " A Ship Motions Analysis of Internul Dvnamic Loadings.” GASTECH 74,
International LNG and LPG Congress, Amsterdam (Nov 1974),



Iocatron. 3! whah reietes motiom hetween the ip and the water were computed for aYl
dups 1n Load ot I reanms for thie chuace of loca . are discussed later. Both size and
arrangement of the waterpiase 27va o the condidate boats are shown 1in order to demon-
strate therr ugnificant &ifferenast Two points should be noted in this regard.  First, the
waicrplanc arcas cesentialh repreacat s measure of the state restonng force potential of the
different <hips. te.. the tom per b sameraon.  The three monohulls (Ships A, B, and C),
for caample. respectively require D T2 0@ and (049 tom to increase draft by | inch. On
the vther hand. the ! S- and 20-knot SWA T (S D and B) respectively require only 27K
and 3.20 tons 1o increase the draf2 iy | envh Tiw columna<tabetized ship requires an in-
crease of & 96 tons por anch of draft in the wir{acesd cwaditien (Shap Fi oven though 1t has
ssseatially twice the displacement of the monchull wih oual 1 Sknot deugn s ~ed. ner
the hults o1 tne ~nlumn-atabilized catamaran are subme:pee (Fup G). omh 1,64 to:s arc requared
to increase draft by 1 inch. This. of coursc. 13 even ke then e very much amaller Ship A
Zwnough tallast pumping would alleviate this veny low extra noydoad~amang caraciny  The
key point ta note 1s that monchulls are much less wensitve o paviom! secreae “han aic
SWATHs Thus. onc of the significant differcnces between these teo 0 ped s theyr sonutivity
to payload increases. 1t is important to recognize this fundamental biffercixe sn the payload
growth potentials of the two tvpes

The basic motion hchavior in scaways represents a second suagor differer.c “ctween the
ship types. The small waterplane arca SWATH and the columpn-statilized catamaran -k
have very large natural motion periods. particulardy for angular ship rovconses. The natuedd
peniods shown in tabuiar form (Figure 1) were abtained fic.n the zer »yneed, tvam-sca. n
and heave RAOs and the 2cro-speed, hicad-sea pitch RAOs. The importance of the rong
ratural periods is that motion responses duc 10 seas gencrated by local waids are thus jower
for the SWATils than for the monohulls or the catamaran (Ship F)

The major ship dimensions and particulars are given in Figures 1 and 2. Figure 3 was
preparcd to demonstrate in detail the specific input to the vanious computer programs that
produced shinp . ..on RAOs Note that these programs consider only the below-the-
wateriine hull form. Forward sections are <iown on the right-hand side and aft sections on
the Jeft-hand side of the figure. The large ditierence in the beam and drafts of the vanous
ship types is clearly demonstrated. Monohulls (Shipk A, B, O) clcarly have both the most
shallow draits and the largest waterplane arcas whereas the SWATHs (D an ! 1) and Ship F/G
have the deepest drafts ard the greatest beam and deck ane.

Ship rernonscs were calculated for opcrating conditions which represent two specific
clements of - ship mission. namely the in-transit snd stationkeeping operating modces.
Stationkee;r  was considercd to connt of head and beam sea ~esponses 2t 0 and S knots
The in-transit operating e was conudered to be represented by head sca responses at



peeds up to the design speeds of the candidate ships. i.e.. 1S and 20 knots. [t should be
noted that Ship G, the cciiumn-stabilized catamaran in the submerged condition. has a top
speed of S knots and thu: resg mse Dredictions were made for 0 and $ knots in head seas.

Figure 4 summarizes the individual reaponses predicted for the various craft in head and .
beam scas. Head sea responses wers developed 1or cssentially (our different locations on the
ships and becam sea responses for only two locations. 1t was considened that head sca or in-
transit ship responscs couid best be represented by vertical accelerations at three longitudinal
locations as well as by pitch and the relative motion at a critical longitudinal location L
(Point 4). Points | and } nprrsc;\t the furihest practical forwaid and aft locations at
which ship missior-related work might be required during the in-transit operating mc-e.
Point 2 represents the location of the center of gravity (CG) at the main deck level.

Beam sc2 responses were calculated only to amplify the head sea stabonkeeping responscs
at 0 and S krots. Only roll. lateral. and vertical acceleration at the CG (Point 1) were cal-
culated in beam seas at 0 knots.  The vertical and lateral accelerations were calculated at the
alumost. outboard location on the decks of the van~us ships, i.c.. Point 2 These
acekration predictions were made on the assumption that Point X wourd be the furthest aft.
practical location at which such misss- ecluted work as launch and retneval of t.uoys could
bc made. The transverse distance from the centerdine is tabulate as b in Fiure 1. The
furthest practical forward acceleration responses may be assumed to be esw rtially identical
to the Point 2 predictions.

Figure S presents the range of theorctical wave spectra used to represent the range of
irregular sca condinons which the workboats are expected 1o encounier dunng operation.
Figure 6 indicates the vancus ship and w3 conditions for which <hip response predictions are
made. The 3ea representation s described 1in greates detail in the following section.

SEA REPRESENTATION

Realistic scas are composed of a mixture of locally peneratcd wind waves and sweil from
distant storms. Swell differs from locally pencrated waves pamarity in that waves due to
swell are very much longer and somewhat more reular or periodic than short. choppy woe-
generated waves, The mixture of such seas can result in waves whose spectra mav asve two
or more distinct modal periods or spectral peaks depending on the differer.cs ma the modal
perinds ot the local s'a and the swell as well as on their characten2c wave heights.  Several



zithons have noted®- ! that the variahility of realistic sea spectra cannot be adequately
accounted for by means of a aagle-parameter Pierson-Moskowitz wave spectrum formulation. '’

At present. there are two basic schools of thought as to how the accuracy and realism
of the sea description can be improved for purposes of predicting ship response. Onc®!!
favors some type of idealized spectral family and the other® '® favors use of a weighted sct
of real, measured spectra. Baitis et al.” have demonstrated the equivalence of these two
approeches for design purposes. ‘

Simulation techniques. such as those recently employed by Baitis ¢t al..® can bz empiloyed
1o generat. any arbitrary set of realistic waves. Their recent sea simulation considered both
swell and wind-driven seas together with their relative directions and their respective character-
stic wave heights. Hcwever, consideration of all possible combinations 57 the rek-vant scaway
parameters wo. 'd result in an extremely Larpe data tase. at least »s larpe us that from all
previously measured wave spectra.  Simplification of such a compiex ses model is o>~somly
desirable.

Fortunately. the matching of any particular realistic wave spectr-en with an ideslized A
spectrum is of litthe impnrtance in skip motion-related dezigr Yccause any particaisr wave
spectrum is not likely 1o be 2ncountered by a ship. » & of the wimost importance, however,
to develop sca modeis which wil! accurately deZuse the remge of ship responses that are likely
to be producod by the almost linr s 2« of real 5 conditions (spectra) a ship may
encounter. By definition. such - renge must include all possible responses that can occur due
to widely different, real zaa

“. 1.8, sad TH. Seschin, “Seakesping Criteris and Specifications,” SNAME Scakeeping Symposium, Webb Institute
of Newgl Aschitecture, Glea Cove, N.Y. (Oct 1973).

Fhuiths, AE. et ol “Dosign Acceleration and Ship Motions for LNG Cargo Tanks.” Tenth Symposium on Naval
Hydsodymamics (Jun 1974).

mC“.t. W.E., “Prediction of Seskeeping Performance.” 17th American waig Tank Couference State of the Art
Report-Seakesping (Jua 1974).
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Thr range of shir respo—acs was Obtained here by the use of a series of two-parameter
wave spevira {uguiico=s: wave beight and modal period) of the form developed by
Bretschnewdes. ' Table | defines »ca conditions in terms of significant wave heights and
prewen” the amociated modal wave periods of seas generated by purely loca! winds. Thus,
@c tablc gives emsentially the normally accepted definition of sea states in terms of wave
beight as well o« the shortest modal period waves associated with a particular wave height. It
is to be noted. of course, that when the addition of swell is considered, longer modal wave
periods may occur as sca and swell mix.

Table 2 presents the statistical constants by which the RMS wave hcieht or ship
responses may be related to statistical levels such as the average, the average of the 1/3 highest
amplitudes, etc. It should be noted that this average of the 1/3 highest amplitudes is
generally referred to as the significant response or wave amplitude. Double amplitudes or
wave height statistics are obtained from the RMS values by multiplying the single-amplitude
constants by 2.

In the present investigation, the seas were represented by four different modal wave
period spectra. Modal periods of 6. 8. 10, and 14 seconds were chosen because they
represent the range of sea and swcii conditions which typically occur (see Table 3) at the
anticipated work site. Typical characteristics of the seas in this locality, taken from recent
references, are discussed in somewhat more detail in the following section.

Figure § illustrates the Bretschneider wave spectra used to represent the range of local
sea conditions. Thesc wave spectra are shown for a 1-foot significant wave height. Table .
presents the statistical constants as well as the equation for the Bretschneider spectra in
terms of the significant wave heights and modal periods which are related to the various sea
states defined in Table 1.

Two important results come about because of this choice of sea spectral representation.
The first is related to the linearity of the responses and the second to the physical in-
terpretation of the range of responses associated with the four distinct modal periods. Since
ship responses are linear for engineering purposes. responses can then be determined for any
wave height from the results of the unit or 1-foot significant wave height.

The physical interpretation of the range of responses varies somewhat with wave height.
The given modal period wave spectra represent different mixtures of sea and swell at the
various wave height levels. When considered for a significant wave height of 2 feet, the

14 g etschneider. C.L.. “Wave Variability and Wave Spectra for Wave Generated Gravity Waves.” Department of the Army.
Corps of Engineers Technical Memorandum 118 (1959).
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8-eecond period spectrum, for exampie, represents a very gentie, local wind-gensrated sea with
a minor swell at 8 seconds. For these same conditions but a significant wave height of 4 feet,
both the wind-generated local sea and the 8-second swell increase in severity, the latter some-
what more than the local sea. As the significant wave height is increased to about 8 feet, this
spectrum represents a fully developed wind-generated sea without sweil. If the significant
wave height is again increased to, say, 12 feet, the 8-second spectrum now represents the
steepest, partially developed, hurricane-generated sca commonly found in the open ocean.
Further increases in significant wave height at this modal period tend to produce very rare,
steep seas which can occur only in land-locked bays or lakes.!3:'6 Certainly at steepness
ratios (significant wave height/wavelength corresponding to modal wave period) of greater
than 1/9 or 1/8, the wave spectrum becomes physically unrealizable.

The most important fact to note in the discussion of sea representation is that this
scries of different modal period wave spectra establishes the range of the motion responses
that can be expected due to the variability of the scas.

SEA CONDITIONS IN OPERATING AREA

Sea conditions in the ocean arca (Hawaiian islands) in which the workboat is to
operate were recently analyzed both for short-term and long-term characteristics.!” Based
on measured and observed wave data,'®!? the analysis indicated that seas in the operating
area can be grouped into four basic sets according to their independent generation mechanisms:
(1) waves generated by northeast trade winds, (2) waves generated by the local Kona storms,
(3) swell originating in the North Pacific, and (4) southern swell. The Kona wind waves and
the trade wind waves are mutually exclusive; all other combinations of swell and wind waves
may or may not occur simultaneously.

For each of the basic wave systems, the analysis!’ presents the frequency of occurrence,
the direction from which the waves originated, the average yearly significant wave heights,

15pore, N.A. et aL, “Wave Climatology for the Great Lakes,” Nat. Ocean Atmosp. Admin. Technical Memorandum NWS
TDL40 (Fe 1971),

“ﬂoq. J., “Wave Climats Study Great Lakes and Gulf of St. Lawrencs,” SNAME T & R Bullstin 2-17 (1971).

‘D::S‘tg.,lzﬂ. M., “The Winds, Currents, and Waves at the Site of the Flosting City Off Walkiki,” Usiv. Hewai Report 7

18 10mer, PS.. “Characteriatics of Desp Water Waves in Osha Typical Year.” Roport propased
) Ares for a Yeer, Marine
Advisens, Lalolls, Californis, for Board of Commissioners, State of Hawail, under Contract $772 (1964). i

19
Ho, FP. and L.A. Sherretz, “A Prelimsinary Study of Ocsan Waves in the * Unidv.
Geophys. Report H 16.69-16 (1969). tady Hewsllon Area,” Univ. Haweii, Hawsil Inst.
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and the average significant wave periods. The significant wave periods may be regarded as
equivalent to the modal periods of the waves/wave spectra. The results, summarized in
Table 3, demonstrate that the modal periods of the local sea conditions range from about 6
to 14 seconds, i.e., the range of periods for which ship motion predictions were made.

It is also of interest to know the relative frequencies at which individual wave systems
or combinations thereof occur. These frequency results were therefore prepared from the
data of Table 3 and are presented as Figure 7 in the form of a Venn diagram. The frequency
of occurrence of individual wave systems is represented by the total area within the circle
labeled by the name of the system. For example, northeast trade wind seas are represented
by a circle (75.3 percent) composed of four distinct areas of wave system combinations. In
turn, cach area represents a different combination of wave systems. For example, northeast
trade wind seas and calm seas occur together only 9.2 percent of the time, northeast trade
wind sess and southern swell occur together only 10.4 percent of the time, the combination *
of these two with North Pacific swell occurs 29.5 percent of the time, and the combinatior of
northeast trade wind seas and North Pacific swell occur 26.2 percent of the time.

Several important points are demonstrated by these frequency results:

1. The scarcity of single direction or single wave system seas, i.e., pure®* wind-generated seas
(9.2 + 1.3 = 10.5 percent) and pure swell seas (5.0 + 2.0 = 7.0 percent).

2. The scarcity (5.7 percent) of pure*® mur[tidilectional swell in the absence of wind waves.
3. The large percentage (29.5 + 4.0 = 33.5 percent) of wind seas and two-compor.ent

swell seas of nearly the same period, i.c., about 13 to 14 seconds.

4. The predominance of a mixture of sea and swell (75.1 percent).

This fourth point emphasizes the importance of using a sea representation model of the type
selected here for an analysis of comparative seakeeping capability.

Thus the occurrence of pure wind-generated seas is expected to affect the response of
monohulls, especially the small one, more severely than the other ship types. Conversely, the
occurrence of pure swell seas consisting of either a single swell or two different swells of
nearly equal periods is expected to be of greater importance for the seakeeping of the
SWATH ships and the column-stabilized catamaran than for the monchulls.

Some comments on the relative importance of various combinations of wave systems
are relevant here. St. Denis,! 7 calculated that the yearly average significant wave height duc
to sca and swell from all directions was equal to 6.25 feet and that the average significant

.Muotah-.nduuhlm

**Here the term pure impliss wind sess without background swell, and, inversely, swells without the presence of local
winds and wind sees.
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wave period of these scas was equal to 11.45 seconds. He aleo presented the expected yearly
maximum values of significant wave heights: about 5 feet for the southern swell, 12 feet for
the Kona storm waves, 15 feet for the trade wind waves, and 19 feet for the North Pacific
swell. It is clear from these data that southem swell is not likely to attain heights that will
make operation difficult when they augment the heights of waves for other directions. Thus
southern swell is not likely to cause difficultics for workboat scakeeping. On the other hand,
the combination of extreme Kona winds with North Pacific swell is likely to produce
occasional difficulties. Finally, the combination most likely to produce difficulties is the
extreme northeast trade wind waves and North Pacific swell.

Based on the above results, it has been concluded that a yearly average wave height of
6.25 feet (due to all waves) will not often be exceeded. More specifically, the wave height
due to all scas will be greater than 7 feet only about 13 percent of the time and greater than
10 feet only about 3 percent of the time. Therefore, it has been concluded on the basis of
these local sea characteristics that the behavior of the candidate ships in waves up to 6 feet
high is of primary importance in establishing their comparative scaway performance. Conse-
quently their survival capabilities have not been examined to any significant extent in com-
pering the feasibility of designs,

CALCULATION OF ROLL

As mentioned earlier, the monohull responses were calculated in head and beam seas by
using the NSRDC Ship Motion and Sea Load Program. The responses were calculated both
with and without bilge keels in accovdance with standard procedures that are incorporated as
part of that program.

The roll motions of the SWATH ships were calculated according to the procedures of
Lee and unpublished damping data from recent NSRDC model experiments. The simplified
program (unpublished) developed by Lee was used te predict roll/heave motions of the
SWATHs in beam seas. This program essentially considers the ship as a constant cross-section
body with length and mass equivalent to the actual ship. Experimental roll damping was
used to limit the predicted roll response to realistic values.

The experimental roll damping was obtained from a model whose gpeometric proportions
were similar (but not identical) to those of Ships D, E, and F. Model motion decay experi-
ments had been conducted both with the bare hull and with a variety of damping devices
such as fixed fins, blisters® near the waterline, and bilge keels; results have not yet been
published. Bilge keels resulted in the largest damping increase above the base hull.

*Blisters are appondages added to the hull at/nser the waterline 10 incresss the restoriag buoyancy foroes that reswlt
whon the hull is depressad below its waterdine.
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The measured percentage increase in hull damping due to bilge keels was then used to
increase the bare hull SWATH hull damping. In determining the motions of a SWATH with
bilge keels, this approach considers that the measured damping modifications are applicable
to Ships D, E, and F despite differences in geometry, that is, measured damping increases
are considered to be physically realizable with reasonable, though unspecified, bilge keels.

The predicted roll RAOs are considered to be inaccurate primarily in the frequency
range where resonance occurs, i.e., inaccuracies arc associated with the damping However,
since the RAOs are intended for use in predicting roll in seas whose modal periods are far
removed from those of resonant roll, the predicted roll is considered adequate for establishing
a relative ranking of the various ship candidates.

A similar procedure was empioyed to predict the effect of bilge keels on the SWATH
heave responses in beam seas and the SWATH pitch, heave, and acceleration responses in
head seas.

CRITERIA FOR COMPARATIVE PERFORMANCE

The assumption was made that the consequences of excessive relative motions at section
L would be exactly the same for all ship types, namely. interruption of mission, and there-
fore that such motions constituted a criterion for comparative performance. More
specifically. it was assumed that when a particular statistical level* of relative motions ex-
ceeded the clearance or draft of the ship at L. the mission would be interrupted by keel
emergence or slamming and deck wetness in the case of monohulls and by crossstructure
impacts in the case of SWATHs, Figure 2 was prepared to demonstrate the plausibility of
this assumption.

All response predictions were made, of course, by assuming lincarity, i.e., a 1-foot wave
would yield one-third of the response of a 3-foot wave of identical period. The applicability
of the linearity assumption to predict the magnitudes of extremes of responses (e.g.,
occurrence of deck wetness, keel emergence, or stamming) is, of course, highly questionable.
However, it was considered that an accurate. relative ranking of the performance of the
candidate ships could be established in terms of such mission-interrupting events by extending
the relative motion responses linearily to the draft or clearance (freeboard).

The average of the 1/10 highest single amplitudes of relative motion was selected as the
criterion for exceeding draft/clearance because this measure ensures that within a practical

*Average of the 1/10 highent single amplitude of relative motion at L.

R




time span of ship operation (¢.g., 30 minutes) a motion cycle will be sufficiently severe so
that either disruptive mission-interrupting slamming or deck wetness results. The greater
precision attainable by specifying extreme response levels inherent in the use of such con-
cepts as threshold velocities for slamming or variations in the statistical motion level (e.g..
the average of the 1/3 highest or some other level) is not warranted. Neither the response
characteristics at these nonlinear ranges nor the specific consequences of exceeding particular
relative motions is known for the different ship types. Moreowver, it is emphasized that
these specific in-transit ship response criteria were selected in order to achieve a fair, accurate
ranking of the candidate ships during this feasibility design stage. However, to resolve the
aforementioned limitations of the predictions and to examine ship behavior under survival
conditions, it will be necessary to conduct model experiments for two candidates that our
predictions indicate are best suited as Navy workboats.

CALCULATION OF RELATIVE BOW MOTIONS
IN T'ME DOMAIN

The calculation of relative bow motion was based on the difference between the wave at
the longitudinal location L and the absolute motion of the ship at that location. No
correction was included in the caiculation for trim or sinkage due to forward speed; these
factors have insufficient impact on the accuracy of the calculations to alter the relative rank-
ing of the different ship candidates. A precise definition of the relative bow motion calcu-
lation is given in Appendix A

It should be noted that the prediction for relative bow motion is made in the time domain
developed from the spectral representation of the sea. Each relevant sea condition was con-
verted®*¢ from the frequency domain into the time domain for every modal period wave
spectrum by decomposing the wave spectrum into about 100 evenly spaced (in frequency)
sine waves whose amplitudes are related to the ordinates of the modeled wave spectrum.
Random phases were asmsigned by means of a random number generator to each of the 100
component frequencies. The wave at L. was obtained from the wave at the origin by shift-
ing the phase of each sinc wave by the product of the wave number and the distance |¢| .
Figure A.]1 of Appendix A illustrates the relative locations of the waves and presents a simple
summary of how the various component time histories were combined to yield the relative
bow motion.

The pitch and heave RAOs were defined with an interpolation routine for exactly the
same frequencics as the components of the wave spectrum. The product of the sine wave
components of the wave, the response at the appropriate frequencies, and the appropriate
_phases were summed for all frequencies to yield the resultant time histories. The appropriate
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phase at each frequency was defined as the sum of the random phase and the phase
associnted with the particular response. This procedure of time-history peneration which
associates the random phases with the wave time history thus made it possible to expose all
candidate ships to exactly the same wave time history.

After the componcent time histories of the absolute motion at L. had been gencrated,
the absolute motion time history at L. was obtained simply (rom the sum of the heave time
history and the product of £ times the pitch time history; see Figure A.l. Finally, the
relative bow motion at L was obtained by subtracting the wave at L. from the abso-
lute motion at L. These arithmetic operations were performed for each instant in time,

PRESENTATION OF RESULTS

The various ship and sea conditions for which predictions are made have been summarized
in Figure 6.

Tabulated results (Tables 4—11) were utilized 1o prepare three oasic groups of graphs
(Figures 8-12).

The first group presents ship responses at various modal period seas for significant wave
heights of 1 foot (Figures 8 and 9) and 6 feet (Figure 10).

The second group (Figures 11a and 11b) presents the significant wave height level at
which mission-interrupting events are expected from linear ship motion theory (see the dis-
cussion of linearity given in the section on criteria for comparative performance). Thus these
figures enable a simple ranking of the candidates in terms of the seas which limit their in-
transit operating mode. The higher the limiting sea state, the more capable the ship is
to fulfill the defined mission.

The third group (Figures 12a and 12b) presents the results of the time domain repre-
sentation of ship responses. The actual number of times that the relative motions are expected
to exceed cither the draft at location L. or the freeboard or cross-structure clearance was )
calculated by a level crossing subroutine in the time-history-generating computer program. It
was considered appropriate to perform these calculations at the average yearly significant
wave height that typifies the intended work site area.!’

The basic graphical format is identical for all three groups of figures and was developed
to facilitate a visual comparison cf the different ship types. Thus each figure consists of at
least three graphical frames, one for each basic ship type (monohull, SWATH, and column-
stabilized catamaran). Response magnitudes of each ship are plotted as vertical lines at each
of the four modal wave periods. Thus variations in the response of each ship due to the
variations in the modal period, or—equivalently--the harmonic content of the sea, are pre-
sented as a cluster of four vertical lines representing from left to right the response in the 6-,

8§, 10, and 14-second modal periods. 3




Although the tables present the results in RMS form in a sea with a3 6-foot signifi-
cant wave height, the first group of figures presents the results in terms of significant single-
amplitude responses.  These are equal to twice the RMS values and were selected for
presentation because these statistical response levels are generally considered representative of
the responses expericnced or noted by the crew of Ship A. 1t has been found that ship
operators generally quote angular motions as single amplitudes and translational responses.
such as heave, as double amplitudes. The statistical constants which relate the RMS responses
to particular statistical response levels such as the average, the average of 1/3 highest or sip-
nificant, or the highest expected response in N amplitudes are given in Tabte 2.

RESPONSES PER UNIT SIGNIFICANT
WAVE HEIGHT

Figure 8a presents the significant single-amplitude pitch and heave responses for the
various candidate ships operating in head seas at 0 knots. It is quite evident that Ship F (the
170-foot, 1032-ton, column stabilized catamaran) generally has the worst pitch motions of
any candidate for the new workboat. In fact. its motions are expected to be nearly as
bad as those of the presently employed Ship A. which is very much smaller (85-foot, 74-ton
hardchine torpedo retriever boat). However, once the column-stabilized catamaran has
ballasted down (Ship G) to become essentially transparent to the scas. it will have cssentially
the lowest pitch responses. This clearly demonstrates the virtue of the dual-operation mode.

Pitch responses for the monohulls (Ships B and C) will not have the undesirably sharp
increases in the vicinity of their pitch resonance exhibited by the small or low waterplane
candidates (Ships D, E, and G). Such behavior is one of the greatest potential shortcomings
of SWATH. However, its practical importance can be negligible provided this pitch resonance
condition can be avoided. For example. assuming that operational requirements during the
stationkeeping portion of the mission allow such action. the SWATH can avoid pitch
resonance by altering its encounter frequency through slight speed or heading changes. Note
that Ship E (17.4-second pitch resonance period) is clearly superior to Ship D (comparable
period of 12.5 seconds) because it entirely avoids the problem of large responses in swell
during stationkeeping. Local sea data for the workboat operating site indicate that 17.4-
second swells do not occur with practical frequency. The difference in pitch response levels
for these two designs indicate the control that the feasibility ship designer can exert.
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Salvesen?” has given a far more comprehensive discussion of the comparative scakeeping
qualities of monohulls and SWATHs. see Sections IVY and ¢ of his paper fot an explanation
of the differences.

(Because the undesirable nature of such sharply tuncd behavior has been amply demon-
strated by recent Navy experience with an occangoing catamaran, the e¢ffectivencss of
passive damping devices, such as bhilge keels. for this mode of opcration was included in the
present study. This aspect is covered in a later sction of the report.)

Heave responses at zero speed are quite good for the various monohulis: only the sub-
merged column-stabilized catamaran (Ship G) can be expected to have lower heave responses.
The two SWATH candidates will have the highest heave responses.

At design speeds (Figure 8b). the SWATHs showed the lowest pitch of the candidates
and the column-stabilized catamaran (Ship F) the worst pitch. In fact. at design speed. Ship
F has the worst pitch and heave of all candidates. Thus if the comparnison is strictly on the
basis of these motions rather than their consequences. Ship F is clearly the least attractive
candidate in its present configuration: even the small current workboat (Ship A) has lower
ship responscs. These particular points are emphasized with reference to Ship F motion
responses because they illustrate the care that the feasibility designer must excreise to
ensure that the consequences of such motions do not result in unacceptable mission-limiting
cvents. Weight or displacement allowances and ballast pumping capacity must clearly be
tightly controlled in order to avoid a critical loss of clcarance between the cross structure
and the water surface.

Significant differences in the motion response levels between the 15- and 20-knot
SWATHs were again cvident at the design speed. These results demonstrate clearly that sub-
stantial differences in the responses of difterent SWATH ships are possible with relatively
rainor hasic alterations. Ship E (the 20-knot SWATH) is considered superior to Ship D (the
15-knot SWATH) so tar as heave and pitch responses are concerned. both duning the station-
keeping and in-transit operatin' nodes.

Other measures of scakeeping performance of the various candidates at zero speed
emphasize the consequences of large SWATH heave motions. As shown in Figure 9a, Ships
D and E definitely have the largest relative bow motions at section L. of all the candidates.
Monohulls have the lowest relative bow motions. and the smallest monohull (Ship A) has
the lowest of all. Thus. the monohulls are superior for such tasks as launching and retricving
buoys and for similar work which requires low rclative motions. Using the criterion of
relative motions at zero speed. the ranking in order of decreasing effectiveness is Ship A.B.
CE.and V.

zo&lvnm. N.. “A Note on the Seakeeping Characteristics of Small-Waterplanc-Arca-Twigrdull Ships,” Advance Manae
Vehicles Meeting, Annupolis, Maryland: J. Hydromechsnics, Vol, 7, No, 1, pp. 3-10 (Jan 1973,
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When the vertical acveleration levels at three typical longitudinal positions on the decks
of the various ships are considered (see Figures 4 and 9a), the monohivlls are very similar to
the SWATHa, except that Ship E s notably better than the others. The ranking is Ship E.
C.D. B. A, and F. Vertical accelerations arc gencrally lower over wider or larger deck |
arcss than over the longer but narrow decks of monohulls. However, none of the acceleration |
levels appears to be objectionably high.

A similar acceleration comparison at design speeds (Figure 9b) however. demonstrates
the clear superiority of the SWATHs over the monohulls durning the in-transit operation
mode. This is particularly noticeable for the column-stabilized catamaran, Ship F. Ranking
for the ships s E. D. B. C. A, end finally F. The differences between the in-transit
acceleration response levels of the SWATHs, monohuils. and the catamaran are on the order
of factors of X or greater and are importunt. Significant vertical accelerations which exceed
the 0.2- 10 0.25-g level tend to became soimewhat uncomfortable. Thus. in average 6-foot-
high seas, the SWATH acceleration levels would be below these levels, the monchull
accelerations would (all at the beginning of the uncomforable range. and the catamaran
accelcrations would substantially exceed this uncomforable range. Shouid Ship F avoid these
uncomfortablc accelcrations by ballasting down to become Ship G. the rather low maximum
speed of § knots would strongly penalize this candidate.

The comparison of relative motions during the in-transit operation mode indicates that i
Ship F has the largest responses and that the SWATH and monohull candidates have lower |
but quite similar reaponses. On the basis of the combined results. it is concluded that in its |
present form. the column-stabilized catamaran® is the least desirable of the three basic types
of ships undcr consideration.

To provide an additional seakeeping comparison between the different ship candidates, é
their absolute and relative bow motions are presented for average 6-fool seas at specds
ranging from 0 to design speced (see Figure 10). The absolute bow motions are comparable
for the monohulls represented by Ships B and C. 1t is noteworthy . however. that for these
6-foot significant seas, there is no noticeable reduction in bow motion with incresse in
monohull size. Thus, cven the largest 741-ton. 20-knot monchull experiences essentially the
same absolute bow motions as the presently employed 74-ton, 20-knot hard-hine baat. |
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When comparing the absolute bow motions of the monohulls and the SWATH candidates
at 0 and S knots. it becomes cvident that the monohulls are equal to or better thun the
SWATHs at these low speeds. The columnsstabilized catamaran in the submerged condition
(Ship G). however, has the lowest absolute bow motion. It is quite evident from these

results that the trends of the absolute bow motions with forward speed are substantially
different for the ship types. Bow motions of monohulls tend to increase very slightly with
increasing forward speed. those tor the catamaran in the surfaced condition (Ship F) increase
quite strongly with forward speed. and those of the SWATHs actually decrease with increasing
forward speed,

The ditferent ship types also have ditterent trends of relative motion with speed.
Relative motions of monohulls are quite low at zero speed and increase somewhat more than
the absolute motions with increasing speed.  Relative bow motions tor the catamaran also
strongly increase with increasing speed, and those for SWATHSs decrease very slightly with
forwaed speed. This behavior of the SWATHSs is regarded as quite fuvorable from the sea-
keeping point of view. The trend suggests that it a SWATH is satistactory at 2ero speed,
then it will be satisfactory during the in-transit condition,
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Thus a fundamental difference in the seakeeping performance characteristios of SWATHs
{Ships D. E, () on the one hand and monohulls and catamarans (Ships A, B, C. F) on the
other hand is their basic response with speed. This trend was also noted by Salvesen.?® To
case ship responses in severe scas, monohulls and cutamarans must slow down but apparently
SWATHs must increase speed.  (Severe seas are regarded here as seas which produce responses
that threaten ship survival,)

1t should be noted that even though absoliete motions and accelerations are important
in determining the comfort level on hoard ship. once relative motions exceed specific values,
they produce mission-interrupting impacts or deck wetness, This consideration is equally
important especially during the in-transit operating mode.

It the mission of these ships is to include extended operations in the open ocean with-
out retreating to a nearby harbor. their survival characteristics must be examined. This
would require model experiments to investigate ship responses in severe seas at both zero
and Jdesign speeds.

if. on the other hand. the ships are to be deployed in the open ocean with the option
to retreat from extreme sea condi*'ons, then only zero speed model experiments between
the last two basic ship types are indicated.

It is agaw: concluded at this point that in its present configuration, the column-stabilized
ship is the worst of the three basic types investigated. It should = noted, however, that
this ship apparently has the best survival capabilities of all. For comparative purposes, the




results for Ships F and G will continue to be presented, but this ship candidate is considered
as essentially climinated from the competition,
The following section will compare the candidate ships on the basis of their in-transit

performance limits.

CRITICAL SIGNIFICANT WAVE HEIGHTS
FOR SLAMMING OR DECK WETNESS

The significant wave height at which mission is disrupted by slamming. deck wetness.
or cross-structure impacts is considered a fair measure of the seaway performance of the
different ship types. This critical wave height thus represents the limits of ship performance
in realistic seas. In waves much higher than those predicted by our linear theory, all
ships arc expected to encounter such severe disruptions that alterations in ship course and/
or speed become mandatory. Inherent in our approach is the assumption of accuracy in
the relative ranking of ships by means of their critical wave heights. Model experiments in
extreme waves are recommended to verify this assumption for the best two candidate
ship types.

Figure 11a presents the influence of speed and modal sea period on the actual wave
height that cancels operation because of bow emergence. i.c.. slamming. The higher this
wave height. the better the candidate ship is in both the in-transit and stationkeeping modes.

For the sake of convenience, sea states are indicated on the right-hand side of the
graphs. As in the carlier figures, the vertical lines represent the critical significant wave
heights. The dashed portion of the vertical lines represent wave height conditions at the
particular modal periods that are very steep; these are exceedingly rare and tend to occur

only in land-locked bodies of water.!4:15

These results indicate that in average 6-foot scas, none of the candidate vehicles will
encounter mission-limiting keel emergence during stationkceping. As expected from the
relative motion data of the previous figures., the monohulls (Ships B and C) arc essentially
equal to the SWATHSs (Ships D and E) so far as these scaway performance limits are con-
cerned. The small, presently used monohull (Ship A) is essentially the worst from this view-
point because of its performance in local-wind-generated. 6-second modal period seas.

At design speeds, the SWATH ships are superior to the monohull candidates so far as
mission-limiting kecl emergence is concerned. The 20-knot SWATH (Ship E) appears to be
the best and the column-stabilized catamaran (Ship F) the worst of the candidates unless
the large speed loss inherent in its operation as Ship G is accepted without penalty.
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This ranking alters somewhat when the ships are compared in terms of when their
relative bow motions will exceed freeboard or cross-structural clearance; see Figure 11b.
During the stationkeeping and in-transit operating modes, the monohulls are substantially
superior to the other candidates. However, none of the ships is really unsatisfactory since
all can operate in seas up to State 4, i.e., seas which occur the majority of the time. It must
be noted that as far as the wave height indicated for Ship F is concerned, this is the height at
which deck wetness of the lower catamaran hulls occurs at section L. This is not con-
sidered to be a condition which limits the operation of the ship. Ship responses which result
in relative motions greater than this lower hull freeboard are inaccurate because the RAO
computer programs assume that the basic above-water hull form is wall-gsided. Thus relative
bow motions arc inaccurate, that is, computer predictions are larger than would be expected
from model/full-scale experiments.

The ranking established by these performance-limiting wave heights tends to favor the
monchulls for most combinations of performance measures and operating mode. The SWATH
ships, however, have better in-transit performance both because they have lower in-transit
accelerations and higher in-transit sca state capabilities. In other words, they can operate in
lLiigher seas for a given motion or acceleration response level. Based on the above con-
siderations, Ship E is considercd to be the ship with the best seakeeping characteristics.

Before we proceed to the time domain results, it should be noted that the above ranking
of the candidate ships was obtained by equally weighting the responses at each modal wave
period. This is not entirely realistic, of course, but ranking made on the basis of responses
weighed by the frequency of occurrence of the particular modal period is beyond the scope
of this limited project. 1t is recommended that such ranking be performed once the candidate
ship type has been selected.

TIME DOMAIN RESULTS FOR SLAMMING
AND DECK WETNESS

The number of times that relative motions can be expected to exceed either the draft at
location L. (see Figures 1, 2) or the available freeboard cross-structure clearance was calcu-
lated from the relative motion time histories for all ships. These head sea events were calcu-
lated for the yearly average seas with 6-foot significant wave height (see Reference 17).

Figure 12a indicates the likelihood that draft will be exceeded or that slamming will
occur. The vertical lines represent the number of times that relative bow motions will
exceed the draft at L. for the various ships. It is evident from these results that only the
small, presently employed workboat should experience difficulties in transiting 6-foot seas to
the work site. Ship G, of course, also shows some keel emergences in these relatively mild

seas.
19
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Similar information on the likelihood of deck wetness is presented in Figure 12b. The
extent of such wetness for the individual catamaran hulls is not considered to represent
operational difficulties for Ship F. The presently used workboat (Ship A) appears to have
some minor deck wetness at the transiting speeds. Again, all other ships are not likely to
encounter deck wetness difficulties in these typical seas.

In the absence of relisble information on the levels of ship response that hinder work-
boat operation while in the stationkeeping mode, it is impossible to establish a comparison of
the percentage and number of times that the individual ship candidates will exceed such
values. It is recommended that operators of the present Navy workboat be questioned (1) as
to what specific levels® of ship responses and (2) what particular ship responses most hinder
their work while on station. Once such values are given, the productivity of the different
workboat candidates can be readily established from the available stored time histories of
ship response.

INFLUENCE OF DAMPIN'G DEVICES ON
SWATH RESPONSES IN HEAD SEAS

The zero speed pitch response of the SWATHSs, especially Ship D, was regarded as
potentially unsatisfactory because of the sharp increase in pitch as the modal sea period
approached the natural pitch period. This pitch behavior near resonance is of concern not
only because the zero speed behavior is potentially unsatisfactory but also because it
suggests large pitch responses in sea conditions which contain sufficient energy ‘* low fre-
quencies near pitch resonance. Thus, the SWATH might incur very large pitch responses
both in quartering and following seas at speeds which result in low frequencies of encounter
as well as in swell. These large motions may unnecessarily limit the operational ship speed/
heading.

Active fins would not be expected to provide sufficient pitch moment at zero speed to
adequately reduce the potentially unsatisfactory pitch at resonance. At forward speed, of
course, active fins can successfully limit the near-resonance motion behavior of SWATHS, as
has been demonstrated with the U.S. Navy Semisubmerged Platform (SSP). The pitch and
roll excitation moments are presented in Appendix B together with the heave excitation
force per unit of wave height to enable estimates of comparative fin sizes,

*Such as £ 5 degrees of roll, £ 5 feet of relative bow motion, etc.

20

i
i

e et




pem

TEN WL Ama WA

At any rate, active® fins are obviously s costly last resort and the addition of large bilge
keels was considered to be the most practical method of modifying the zero-speed, near
resonance pitch. The effect of the additional damping on both pitch and heave was
determined by recalculating the zero-speed pitch and heave in head seas. This recalculation
was made by increasing the original bare ? ull damping coefficients by the same percent
(percentage based on bare hull values) obtained from the measured damping increase due to
large bilge keels. The damping experiments are briefly outlined in the section on calculation
of roll. .

The results of the recalculation are indicated in Table 7 which presents results for the
15-knot SWATH (Ship D) with and without bilge kecls. In comparing the results with and
without bilge keels, it must be recalled that these passive damping modifications are expected
to influence responses only in the vicinity of resonance, i.c., in the area where the dynamic
behavior of the SWATH is potentially unsatisfactory. A comparison of the pitch, heave, and
vertical accelerations at the CG and—equally important—the relative bow motion at section
L. indicates quite clearly that substantial motions occur near resonance, i.c., the 10- and 14-
second modal periods. More specifically, compared to base hull values, bilge keels provided a
23-33 percent reduction in pitch, a 5—10 percent reduction in heave, a 12-percent reduction
in vertical accelerations at the CG, and a 6—22 percent reduction in relative bow motions.
Clearly, the addition of large bilge keels can be expected to substantially improve the near-
resonance motion (pitch) of SWATH Ship D. In fact, results suggest that the low-frequency,

near-resonance motion responses may be satisfactorily controlled by means of passive damp-
ing devices.

INFLUENCE OF BILGE KEELS ON SHIP
RESPONSES W BEAM JEAS

Since Ship A, the presently employed workboat, is known to have less than satisfactory
roll motion characteristics at low speeds, it was considered appropriate to evaluate the roll
responses of the different candidate ships in beam scas. The monohull candidates were
therefore evaluated with and without bilge keels. However, responses of the SWATH ships
and the column-stabilized catamaran in the surfaced condition (i.e., as Ship F) were

.Antomuuny controlled such as antiroll fins.
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calculated only with bilge keels; it was considered that the accuracy with which the effect of
bilge keels could be predicted was too low to be of value for these types. The procedures
employed have been briefly discussed in the section on calculation of roll. These calculations
were not performed for Ship G because roll may be expected to be very small for this ship;
moreover, it scems unlikely that it can be considered as a serious candidate for the PMR
workboat.

Results of these zero-speed, beam-sea calculations are presented in Table 11 in terms of
RNS responses in waves with a 6-foot significant height. Both RMS acceleration and roll
values were calculated; these may be converted to significant values by multiplying them
by two.

It is emphasized that significant improvements in ship responses can be expected only
in seas whose modal periods approach resonance. It is evident that despite the improvement
(16 to 17 percent) in monohull roll achieved near resonance, the SWATH roll is still less by
an order of magnitude. Their superior behavior in roll and their lower acceleration levels
should make the SWATHSs better workboat candidates than are monohulls. This conclusion
is premised on the belief that the difference in payloar: growth potential between the SWATHSs
and monohulls is not very important. In other words;, the SWATHSs are likely to be better
workboats if they are not forced to carry payloads significantly greater than allowed for in
the design.

On the basis of the foregoing seakeeping evaluations, the 20-knot SWATH is considered
to be the best of the ship candidates. Economic factors, of course, did not enter into the
seakeeping evaluation,

CONCLUSIONS ANDO RECOMMENDATIONS

The behavior of the candidate ships in waves up to 6 feet high is of primary importance
in establishing comparative seaway performance. Consequently, their survival capabilities were
not examined to any significant extent. The following conclusions are based on considerations
of the environment of the intended worksite area.

1. SWATHs are better workboat candidates than monohulls from the seakeeping ppint
of view.

2. In its present stage of development, the column-stabilized catamaran is the worst
workboat candidate even though its survival capability appears to be the best of all.

3. The 20-knot SWATH is substantially better than the 15-knot SWATH primarily be-
cause of its superior in-transit performance in various sea conditions and its superior roll
performance at low speed.
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4. Monochulis have substantislly better relative motions at low stationkeeping speeds
than do SWATHs and thus are better suited for launch/retrieval of floating objects at mini-
mum roll headings.

The following specific recommendations arc made:

1. If a preliminary design of the best two candidate workboats is intended, then either
Ships E and C or Ships D and E should be examined as the final two candidates.

2. The final two candidates should be evaluated in competitive raodel experiments.

3. This experimental evaluation should include (a) comparison of the candidates at
zero speed in moderate head, bow, and beam seas (stationkeeping); (b) establishment of
SWATH behavior in moderate quartering and following seas (low encounter periods); and
(c) the survival characteristics of the candidates should be determined if the workboat must
accomplish its mission in the open ocean without an option of returning to harbor in severe
seas.

4. The load-carrying capacity of the SWATH should be improved by incorporating some
of the pumping/ballasting features inherent in Ship F/G.

5. The use of large damping devices, such as bilge keels, is also recommended as an
integral initial part of the preliminary SWATH ship design.
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APPENDIX A
DEFINITION OF RELATIVE BOW MOTION

Relative bow motion (RBM) is defined as the difference between the absolute motion
Vg and the wave rp at some point (Lo or X,) on the ship; see Figure A.1 and Figure 2.

RBM; is calculated on the centerline of the ship with no allowances for trim and sinkage.
Their neglect is not considered significant because both are small (trim less than 1 foot and
sinkage less than | degree) for the monohulls at the low, stationkeeping speeds considered.
Trim and sinkage increase with increasing ship speed and are most severe for the monohulls,
particularly Ship A, the smallest. Even though trim and sinkage may exceed their station-
keeping values at design speeds, the values are still considered small enough so that the relative
ranking of these ships is not affected. It may be assumed that at O and S knots, the SWATHSs
would operate at zero trim and sinkage and that at the higher speeds, the active or semiactive
fins would maintain zero trim and cnly a slight sinkage or rise.

Figure A.] presents a graphical definition of the relative bow motion and Figure A.2
summarizes the various motion components used to calculate the RBM. It may be seen that
RBM is constructed from the wave at the origin r,. This value and those for heave and pitch
motion of the ship at the origin were obtained by summing 100 component sine waves of
amplitude r,, and with phase v, , that is,

() = .S- fox ' T m

k=]

w?
where wg = w —8- V cos u

w = circular frequency of the wave
V = ship speed
8 = gravity
# = ship heading relative to wave
The amplitudes of the component waves are modeled in accordance with the
Bretschneider wave spectrum St(w) defined at 100 discrete frequencies, i.e.. wy's. In other

words, r,, is the mean square wave amplitude over the frequency interval Aw with a center
frequency w, given by
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and the wave spectrum S(w) is
Sp(w) = Aw-S e B4 A3)

where A = 483.5 G} /T
B = 19445/}

(?w)l ;3 = significant wave height
Ty = ;modal period of the Bretschneider wave spectrum S(w)

The random ph--e 4, associated with each sine wave of frequency w, is obtained by means
of a randon. ' ber generator.

In order . -alculate ry, the wave height at the location Lc or X, (see Figures A.1 and 2),
the phase of th. «ave at the origin 1, is shifted by the product of the distance £ from the
origin to X, and wave number w?/g, that is,

2100' gt + wig R+ 1)
k=1

The time history of the response 5 is obtained from

R bt e

100
Hwpt -, +7,)
n,(t)=2 e ¢ KOk (5)
k

Here j = 3 represents heave, j = S represents pitch, and Mk € Tepresent the amplitude of
response j and the associated phase at w, taken from the RAOs calculated by the first series
of computer programs. The absolute motion at position LC is

Vg(t) = my (1) + (2] ng(t) 6)
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Finally at Ly, relative bow motion RBMy becomes

RBMg(t) = Vp(t) — rg(t)
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APPENDIX B

WAVE-EXCITING FORCES AND MOMENTS FOR WORKBOAT
CANDIDATES AND FEASIBILITY OF ACTIVE
FIN STABILIZERS

The wave-exciting forces and moments that act on the various workboat candidates are
presented in graphical form (Figure B.1) in order (1) to provide data from which the feasi-
bility of motion reduction by means of active fins can be established and (2) to illustrate
some of the reasons for the basic differences in the responses of the various ship types.

The results of Figure B.1 are for excitation at zero speed in head (pitch and heave) and
beam (roll) seas. Since the effect of forward speed on the magnitude of the wave excitations
is small, the zero-speed excitations are considered to represent the excitations at all speeds
insofar as fin feasibility and basic response characteristics are concerned.

Pitch and roll moments are given per unit of ship displacement times wave amplitude:
heave force is given in the same units and then multiplied by ship length in feet. The waves
which correspond to the resonance periods of roll and pitch are denoted by vertical lines
labeled by ship type. Note that these resonance periods, or waves, correspond to the waves
which produce the maximum ship response per unit of wave height as determined from the
RAO:s. i.e.. roll in beam seas and pitch in head seas.

The basic reason for the differences in the responses of the fow waterplane area ship
candidates and the monohulls/catamarans is demonstrated by the location (frequency) of the
maximum values of the wave excitations and the resonant ship response periods.  Maximum
values of the monohull and catamaran wave excitation moments tend to occur near the maxi-
mum value of the ship roll and pitch responses, i.e.. near the resonance values labeled in
Figure B.1: in contrast, wave excitations are quite small for the SWATH ship candidates in
the vicinity of the resonant roll and pitch motions.

Before discussing the feasibility of active fins for ship motion reduction, it should be
mentioned that ship responses depend on the magnitude of the wave excitations and their
frequencies. Thus wave excitations at frequencies near the angular ship response resonances
tend to produce large responses and those far removed from these motion resonances tend
to produce small responses. Essentially, wave excitations are a function only of ship geometry
and the waves. On the other hand, the location of motion resonances® (and thus the expected
response magnitudes) depend on the load distribution (metacentric height {GM) and mass
moment of inertia) of the ship once displacement and LCG have been fixed. Thus substantial
reductions in motion may be realized if the load distribution can be altered sufTiciently to

*SWATH motion resoaance frequencies ase also quite seasitive (0 waterplane area distribution.
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move the resonant motion period from the psak of the wave excitation. For example, an
increase in the roll period of Ship A from | to 1.5 seconds would reduce roll.

It is considered appropriate to develop fins which reduce ship motions that occur near
the ship response resonances, Thus {ins intended to reduce the heave and pitch of SWATHs
should be designed for periods of around | 2.5 seconds for Ship D and for about 17.4 seconds
for Ship E. The forces generated by the fins must approach the magnitude of the wave exci-
tations in order to reduce motion substantially. For purposes of this fin feasibility examina-
tion it may be assumed that the fins should provide a moment which exactly cancels the
ship motions. This assumption will, of course, result in relatively large fins at the fin design
conditions. Nevertheless. the fin sizes that can be developed on the basis of this sssumption
will stablish the appropriate relative ranking for motion stabilizers for the various workboat
candidates. It is evident from Figure B.1 that the wave excitations for monohulls and catas-
marans are very much larger than for SWATHSs.

The feasibility of motion stabilization is now demonstrated by considering the non-
dimensional roll and pitch wave excitations at resonance for Ships C. E. and F:

ShipC ShipE Ship F
Pitch Moment 4.2 0.13 225
Roll Moment 0.19 0.06 0.55

We convert these pitch moments into forces (tons) by locating the fins, say. 0.4 Ly from
the LCG. Similarly, we convert the roll moments into forces (tons) by locating the fins
rather arbitrarily at a certain distance from the centerine: 1.2 times the draft for Ships C
and E and 24 feet tor Ship F. The following forces result:

Ship C Ship E Ship F
Pitch. tons 389 21 34.2
Roll, tons 1.7 3.2 e

These are wave excitation forces per foot of waw amplitude that stabilizers must provide in
order to completely cancel the ship motions due to waves.

Now assume a fin design speed of 15 knots and select 0.040 lift curve slopes per degree
of fin angle. as obtained from some typical full-scale roll fin experiments.2' The resulting
total sizes for fin travellimited to 28 degrees is given below for seas with a significant wave
height of 6 feet. (The limit of : 28-degree fin anglc was taken from the fin limits employed
on the Vosper fins installed on the U. S. Navy PG 100; see Reference 2).)

ShipC ShipE  Ship F

Pitch, feet? 363 0 319
Roll. feet? 110 30 235
30




On the basis of these preliminary fin area results as well as the sizes of roll fins installed
on monohulls, it is concluded that pitch stabilization is impractical for monohulls and cata-
marans. in other words, pitch reduction to zero by means of fins in 6-foot significant scas
is impractical though not impossible. On the other hand, pitch and roll reduction appears to
be quite practical for the SWATH ship. Finally, stabilization of the monohull o zero roll
in 6-foot beam seas is also somewhat impractical although much less so than is true for the
catamarans. It should be noted that for adequate conventional roll stabilization, tin size
tor Ship C can be reduced to about 60 square feet.
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Figure 5 — Theoretical Wave Spectra Used to Represent Sea Conditions
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TABLE 1 — DEFINITION OF SEA STATES

Ranges of Ranges of
Significant Wave Modal Wave
Heights Periads
Sute &) T
w3 o
ft sec
1 0- 192 0- 308
2 192 - 4.13 3.08- 452
3 413 - 566 452- 529
4 566 - 7.3% 529- 6.03
5 235 -13.04 6.03- 8.03
6 13.04 — 20.80 8.03 - 10.16
7 20.90 — 40.33 10.15 - 1413
‘ 8 40.33 - 61.58 14.13-17.4%
] NOTE: 1.

‘l’o periods corretponding to the steepest, partislly developed
wind-generated waves, short fetch, high wind, moving hurricane,
Bratschneider Reference 14.

. Stesper waves do octur, but they are rare and are generally sssoc-

iated with land iocked bays or lakes, References 15 and 16.

AT =140
°I§“'1/3

SV TSRS

"3

AN =110
o/ "‘”'1/3

 To= u?w)m/o.ml V2 podal period of partially developed

hurricans sesa (Bretschneider).

CTo® u?wlmmzn 2 ypodal period of tully deveiopad wind

swe {Pigrson-Neumann-James).

Pierson-Moskowitz we e spectra, i.e.,
(4}

Bretschneider, i, (3)

Steepest cbeerved, Hogoen and Lumb
Reterence

lo = Wavelength corresponding to period of spectrum peak, T,
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TABLE 2 — CONSTANTS FOR SINGLE-AMPLITUDE STATISTICS AND EQUATION
FOR TWO-PARAMETER BRETSCHNEIDER SPECTRUM

SINGLE AMPLITUDE STATISTICS

Root mean square amplitude, rms 1000
Averasge amplitude 1.25¢
Average of highest 1/3 amplitudes, significant 2000
Highest expected amplitude in 10 successive
amplitudes 2150
Average of highest 1/10 amplitudes 2550
Highest expected amplitude in 30 successive
amplitudes 2610
Highest expected amplitude in 50 successive
amplitudes 2800
Highest expected amplitude in 100 successive
amplitudes 3.03¢0
Highest expected amplitude in 200 successive
amplitudes 3250
Highest expected amplitude in 1000 successive
smplitudes 3.720
DEFINITIONS
a2 = Statistical variance of time history
N = Number of successive amplitudas
CONSTANT =
successive amplitudes.
NOTES:

BRETSCHNEIDER SPECTRUM S‘.(w)

Splw) = Aw™® exp |-B/w*) in t?/sec
- T2 ré 42 b
A 483.5 (;‘w)m/To. f1* sec
B = 19445/T] sec™?
), ;3 = Average of highest 1/3 wave heights
To = Modal period of spectrum, i.e.,
period corresponding to peak
of spectrum

V2 (&n N)'2, where CONSTANT relates o to the highest expected amplitude in N

1. The highest expected amplitude in N amplitudes is the most probable extreme value in N
amplitudes. This value may be exceeded 63 percent of the time.

2. To obtain wave heignt or double amplitude statistics from rms values, multiply single

amplitude constants by 2.0.
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é TABLE 3 — YEARLY AVERAGE STATISTICS OF FOUR MAJOR ‘
§ HAWANAN WAVE SYSTEMS
[ (From St. Denks!”)
Direction Average Average :
Wave Group of Origin Significant Significant Frequency of
deg true Height Period Occurrence
ft sec percent
1
NE trade wind- i
i generated waves 78 4.79 8683 %3
i North Pacific swell 320 479 1389 7240 1
| Kona Storm waves 187 352 6.18 103 ‘
Southern swell 194 260 13.07 53.0 1
k
3
1
) 3
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TABLE 4 — RMS RESPONSES OF SHIP A, 85-FOOT HARDCHINE MONOHULL

HEAL SEAS LPPe 85,0 Fti?t
Mi/732 &, FEET CLEANANCE, C = 6o’ Frb T
T UNAFT, U = 3,71 FERTY
SE(O: CHANNEL SPEEDS
© Ve RIS Se¢ KTS 15¢ IS 20, KI>
WAve REIGHT AT UwlulInN 163532 Lo 368> lebdn)2 1.0330)
Ulvt_HElﬁHI Al STu, « le43995 Led753 letedni? le3nde
HMEAVE eYUYe | e Y2588 leln/nn 123011
PITCH 2406230 2.07992 PN T 1.HyaT0
VERI, ~OT, AT STA, 4« letial 30 1,89017 le%4916 1.4770%
6 RRM AT STA, & NI le%a7865 199054 CoUn e
veel, ACC, AT STEwN (aM) e 096063 «12838 22140 LY
VFol, acC, AT (b TR PYL «V6093 elhhyl 21095
VEQiI, ACC, AT H)g (F~) ollugn « 23294 LR ALY
Hl/73 al wefCh ~44/C=z) 17e7 liel M, 1.7
=173 AT w«2lCn ~R»snu=; (FEET) Yen 6ol “oh PP
wAyz e o=l Af uxiolw leuni v I XY le0aln? Leten iy
wWhAyr. =rlo=l al STa, « Leutrul] leteb371 | qeln? [ IS X L1V
~“Fave Lol 39y lol 662 le37uev Lot 3nde.
PITUr el Colewile [P PLY R Lo 32%w
8 VFRf, w07, aT sTa, « lernauacen leaanla/ 2eltym ) 2ol
RHM AT Sla, & LI 31 e ?OULY 1,72%1 Lenlels
vFRl, ACC, AT STrww (ar) eUPmYYd e VYVl LY «o?lic!
VERI, ACC. AT (6 TR 74 LY LR] ol Juu i ol 70K,
VFRIl, atC, AT wuw (re) eUnG I elocil o JuQa? LT
4173 AT ~A=|Cr waa/C=! PHese loes/ lue“ lveu
Hlzs3 al vnlen -aasu=) (FEET) 12e7/ Y.l Beu 2>
LLYASNE L DUE D SRV B P8 S 1Y B lewlllIn Latnvs lotetnmny Leen99m
WAy: mE ] gl wl SN, e Jowtrul IS LU Y lgotru Loutreln
HEAvr lesnecla 1.31u’y lew~urr’ tevunin
PITL™ lelwies Leluluy Lentl ] Lewli? .
VFRli, 497, AT Sta, « lem /206 Lel4rl9y Lowmna?? Levw7uvwn
10 Sk AT S1A, 6 o ANltY e D0 IYS Loeuulbw Lo lnene
vFal, aCC, al STrwn (ae) euse fe} UM 7] ollvuyy elnet
VFLIl, alls AT Ui et VKL T 1) eluvu sl ol 449
VED21, aCC, AT =iw (¢} Y oluldin «”brul T ePm3l”
mlz3 al [ CH watv/(=) S ™ PHed 1Dg 13,
“l/3 AT w=]Co wiasuzl (FEET) 19 1o,/ men Ton
JAyE melonl Al avlelw lew33v lewlten ]l qutail 7 Lot} Ty
dAyr me ot AT Sla, [ X111} leel62a levwbsu? [ LY XY
HFAvVe e jOu lewl 76> I YA B leDUZYN
CITUA lLeuZuds Levub.ta> IR TGnm e ULM
VELT, a1, AT NTa, & letwece? lebubtL 147 990 l o %ab
lq QR LT SNTa, + RO N «2UunN eMMINY eN& ]/
VERI, ACC, al STy ey () sl innk eullle eUuI6 ] LY S
VF2l, aCC, AT (, XL eVl2Y™ ellletrn P LY.L
V:QY. ACCe Al =na [(bw) e/ CH «Udnuo VT TH 3 «Juusbl
~1/3% AT #=[CH weHm/C=1 12944 Rue2 33.0 2/lev
4173 al 4m1CH wrmsn=) {(FEET) Jvse? Gu,d 18,3 lvo9
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TABLE 5§ — RMS RESPONSES OF SHIP B, 15-KNOT MONOHULL

wE At SFAS LYPE Loy U PHF]
"l/732 o, Frel CLEANANLEe C = lheuv PEMT
TO UNAF [, U = “,0u reet
CrHANNEL SPEENS
sec' Je RIS 5e RTY I9e nIS
wAve HElGMT AT Qwli ]~ Lebesoae Lewion> lee 1517
waye HEIGHT AT STA, < leteins) Lewdl/> let 30
HEAVE XL ¥ «06n In MYV
PITCH 129037 eVl lelUSiev
VERT, MOT, AT STA, & LedbYly 16135 1e922ve
6 RAM AT STA. & l.3e107 lo8ssie 2.225%%
VERT, ACC. AT STERN (A¥P) + 05966 U85S olINT]
VERT, ACC. AT CG «V1798 003578 oO"UH’
VERT, ACC. AT HUW (F¥) « 07389 01303y o 1V&2N
173 AT wnlCr wrM/(Cxl] 3le0 2¢ 45 1940
173 AT wnICrm Rmus0=) (FEET) lesl 10,0 8.5
dAVE HETGmT Al avlolw lewnllv s X 1] lowoelnl
waye =EJunT aT STa, & [PTLY-1-17 Loy Lol
“EAve evinoll laue?n 1a3u?'y
PITCH loeldwiv [ PR YY) 1 o2m tu
VERT. MUT, AT STa, « 1 eO9Dwe Levyln/ Catn 9=
8 PRM AT STA, « . Y3 Ledull celului
VERT, ACC, AT STFwn (3-) aUD9%eU eV inn{ ol $m0u
vEel, aCC, AT Cu YRR T 1) eudnl/ L AVER |
VE@le ACCe AT miw (b~} eUnNY/ elcul> NELLYS
M1/73 4l 9[Cm wemz( = Y P Cael
Ml/74 AT a=lCn ~s+70=1 (FEET) |9an lce> LR
waAyr HE[GHT AT aela]w Lemis i lgoomyn 1l otenmn?
WAys HE[U~T Al T4, lewlice/ 1 geDRYGe le@ 090
HEAVE feknaom Ledlsm0 lew9dlnns
PITLR lelbcdYy ledndinm Lel73n1
VERl, 40T, AT STa, « [PLLYP4 1eBDINA Celilvus
10 RAM Al sTa, o MC-13-Y1 Lev 7997 letnl]l
vERT, ACC, aT STFew (aw) P W AT voli® P T AITH
vFol, acc, I - evlass o JUVY RIFOE N
VEOI, all, nl - 1e (b= eUT L Te VR T R L el
173 AT a1 Cr ~-/( = “te RS 25/
4173 AT ¥=1C= ~=nsazi (FEET) e 1762 lliew
waye HELO~T al wln]- fow=irm lewlienrs/ | gemwu
wave HEJlu=l Ai ST, « Leevsis Leuwinrrm Loemay~
HF AVE le ¢~D7 ledwal’ len2i v
PITL" FPEY RN e NPT o M
VFol, T, af “Ta, = Lo® 1045 TR Rl Lowsnnmi
S Tl STa, or v ls eDunl adoe]]
1"' VEel, aCC, ul Slew () sUreCy Vs’ sUnln?
vFol, aC, at¥ C5 svlsogr eblund edumy/
vERT, aCC, AT 1w (r=) evsZf it el e VR K T TN
H1 /3 AT 4=y mom/(=] Jaed e G g
H1/4 AT wa|Cn ~=azaz=1 (FEET) Ao Ylav 19,7




TABLE 6 — RMS RESPONSES OF SHIP C, 20-KNOT MONOHULL

HEAD SEAS LPPs 200,V FFET
Ml/z3= 6, FFET CLEAKANCEe C 2 17,65 FrREY
T URAF [, U = Y.3% FERT
CHANNEL SPekudy
SEC. Ve RIS 5, RTS 1ne RIS e =1
wAye nE1GAT AT Uw[O]lN lew i 3e [P XL leesnl? Lote §70.
WaAve mElomT AT STA, « lew3230 Lewdlln Leeanln 1ot 827
HEAVE o 394y -XU A oMlnl/Z e Pl
PITCH +PUIDD LT Mllen LD Y
VERT, MOT, AT STA, & lellvuor lewlily Leledngr L EER
RAM AT STa, & i e3990¢ (Y. 1.7.0 9% 2e?329> ColMuny
6 VERT, ACC, AT STgwN tAP) eV IS «viult ollui’ N Paldd
VERl, ACC. AT Cou eUlgns su2avh LT L] U A
VERT, ACC, AT Hnhw (Fw) o SYen ddunle o1& 70u eloaid
H1/3 AT €A CH W34A/(C=] Iue/ 2¢ee Ineée Iven
H1s3 AT Wr]Cn wiwsuzx) (FEET) 1nec llen 9.9 lugt
WAVE mEIGAT AT U«lGIN fewni iU 1 oD 3008 Lebw?N3 Lobb3yv
WAVt REIGHT AT STA, « el 1 ewbe 3] lobal85 1465377
HEAVE o 1704y +87391 1,27602 Lol
PITCH lelalte lelwolu 1.1222%6 1,031m0
VERT, MUT, AT STA, « L1e5v1vl L 80826 2elo082 Cel398y
8 RHM AT 5TA, o lelU3ad L o0US2« 2e32784 CelsTV 26
vEal, ACC, AT STHwie (A2) o llen9? <0709 J1luev lailan
VERT, ACC. aT C. eUiDOV evd¥e s +URUUVA «li5]e
vFerl, ACC, AT wmnwy (Fw) PETR LY T e lun9? 19211 Y EE-1-11]
. M1/3 A1 ("™ wease=l 1240 o 177 log~
L’rﬁ H1/3 aT w-ICH wns/su=l (FEET) 19ev 1347 9¢5 ey
wAyz ap [l al 92l lew/tIn 1 oDy Leunnn/ L olom 99~
WAVE MR [O=1 AT STu, « lew/lou IS4 le070 37 ] qutmy9n
HEave lefim=dn lelcude l et0ern~ Lenvwis~
PITLH Levi=cny Leben/n Jeunrla Lev t2l¢
vEl, 49T, al sTa, o Lernnsl? lemIn/ T4 >l IR UER b
wAM AT STaA, & o /9590 Lolturn leA%aln Lo )m
10 vFol, 4CC, aT ST8« (ua=) eswuud eUD /N ALY ) P el Y
vFel, ACC, a¥ Co erilIne dUchsu cunpy? o twin
VFRie ALCe al =9 (+w) euelv el AN elov) ¢ ol Ina~
Al /5 al «9]Cn wew/C=| Sres Yeon Zl el 19¢
rMlz3 AT x<[CH wdasn=] (FEET) Plal Inee 11.7 lue~
WAye mp [T al el Jewdicn Llewlin’{ I LYUN) | genl /=
WAyt mt o=l AT STa, lew=snu leefvde lsohwyn | L Y
HFAVE Lo tunmy 1e 3DUNNP leevanl L gomtvr
tiren DA T LY LY e HALLN o Ieun’
VFQ'. a7, AT N g WA T L o/ r0ar F L Tl B ) Pt
lq PHM Wl aia. o« eteled ene i Lol snan [PORRE
yFol, Ay, Al N -2 e o o PV N | s U 4y eitfwn?
veol, ACC, AT evtsol N L] eUSuY~ Ut 2
vFRl, aCC, al «l)e () P P IR o JeTUS eUIIn/ el ina
4173 A1 «44|Cr w=a/ii=| 1:%er . K P 3P, 1
H1/3 AT a4lCH wrarsnz) (FEET) 9 er i5ev 1¥,6 F7a1
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TABLE 7 — RMS RESPONSES OF SHIP D, 15-KNOT SWATH WITH AND WITHOUT BILGE KEELS
TABLE 7A — WITHOUT BILGE KEELS

“EA) SEAS LrPe 195,0 Fitt?
“l/3s 6, FEET CLEARANCEs C = 172,00 Fiet
TO URAFI, U = 6,50 FEET
SEC CHANNEL SPEELS
- e RT 5, KIS 15, RTS§
WAyt HEIGHT AT ORIGIN 17353%. T« 3891 123519
-‘vt ”EIG"' ‘, SI’A. [ 10“353‘ 10'03775 lo"JS.?
HEAVE 1.57699 «97868 ol 3980
vERT, MQOT, AT STA, « 1.565068 o YBGIY «9361S -
RAwv AT STaA, & 2.26030 1.80606 1.63060%
6 vEQT, ACC., AT STERN (AP) «044875 «03620 «03211
vEQl, ACC,. AT CO V6757 «03355 « 01984
vFel, ACC. AT 80w (FP) oNelb8 « 039556 « 06300
Hl/z3 AT 4niCH RAM/Cs]) 12.6 19,7 17.3
H1/3 aT «nICw RBM/U=] (FEET) 17.3 21,5 23,7
WAyt HEIG~T AT ORIGIN o770 Le®53TV 1l 4800
. WAYE MEIGHT AT STA, & | 06858 1 #5389 l %6793
HEAVE l.88792 197080 1.645092
PITCH o blb6] 022781 «» 0994
8 vERT, “OT, AT STA, « 1.97902 2.02167 1.51799
QAM AT STA, & Cellbie 2452825 2e33629
vEDT, ACC, AT STERN (A¥} elbyy3 « V5651 «05119
vEol, ACC., AT (o «Devo/l + 0563y oUn2?
vVERT, ACC, AT ROw (F¢) «05u«0 e35746 e 05490
173 BT wel(ChH WeM/C=) 4 1.2 12.1
173 AT welCn aumsu=) (FEET) 1641 156 le,
wAyt HEIGHT AT OwlGIN le71 74 1 ,645905 l.4680]
wAve =g [G~T AT STA, o lew?217 1 ,+5907 1 o569 36
HEAVE le770663 €.12053 2.27609
: PITCH 1.6012v « 40952 «h2215
10 VERl, MOT, Al STA, « CeD2805 2431182 2e3THS
wAM AT STa, & Pelenitn CedRG?? 2e7306Un
VERT, ACC, AT STEwN (A¥) e U3VhH e 052 3n e006Q7
vEol, aCcC, Al ¢o IXTEEL YA « 05 350U VoD ve
vEOi. ACCe AT <@ (F*) T 1) «USS5H w7117
nl/s73 al &=]C= wam/C=] 11e5 llew 103
Hl/3 AT wm1CH wuM/D=t (FEET) Ioen 1o, la,2
WAyt =mELOmT al OP[GIV lewvicn 1.407639 100622
wAyr ~£]G-T1 al STA, « l e09 308 le?6i4 lewba?l
HEAVE 159790 L7017 2420473
PITCm 275500 1.,03322 «BBO6S
vEaT, MOT, AT STA, & 3,363l 2 +%5692 2.43245
14 QRM AT STA, & 2.563u5 1.79303 2.02525
VERT, ACC, AT STEWN (A&¥) «02«/6 «03333 «0S5111
VEQ'. .CC. at (A ¢} oof.‘,f’ 0035‘00 .05236
VEQT, ACC. AT wUw (FP) « 035959 «03953 «05711
Hl/s3 AT - H REM/(C=] 11.0 15,7 13.9
~“1/3 AT . .C» RAam/n=] (FEET) 15.1 21,7 19,2
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TABLE 7B — WITH BILGE KEELS

HEAD SEAS LPPe 155,0 FEET
Hl/3s 6, FEEY CLEANANCE., C = 12,00 FPEET
TO URAFTe D o 10,50 FEEY
SEC. CHANNE L SPEEDS
[
wAye MEIGHT AT ONIGIN le3932
WAYE MEIGMT AT STA, & lee3n36
HEAVE le@1789
PITCH «16039
vERl, MUT, AT STA, & 1.40060
RAM AT STA, & 2.19786
6 VERT, ACC., AT STERN (A¥) o D69%2
VE“'. ACC, AT CG «04 3R0
VER's ACC, AT WOW (FP) o« 0loten2
Hl/3 AT wn]CH RIu/Cse] 12.8
Ml/3 AT wHlCH wHM/Us] (FEET) 17.7
WAyE HEIGHT AT ON]oIN l1.461770
wAye HEluMT AT STa, l 66858
“EAVE 1.646797
PITICH QU177
vERi, MUT, AT STA, « 179418
8 QRM AT STA, & 2.01890
vERT, ACC, AT STERN (AP) N TYYCY S
vVERie, ACC. AT COG N YY)
VERT, ACC, AT ®HOw (F¥) e0450)
nlz3 AT wr]CH RemM/Cs] 11.7
rHl/3 AT wn]Crt wHM/Uz]) (FEET) 16,1
wAyt HEIGHT AT OwIGIN leaT176
WAVE MEIOMT AT STa, & 167217
wEAVE 1.00833
PITCn lel65%2
VERT, 40T, AT STA, & 2.20015
QRAM AT STA, & Ce31v90
10 VEDT, ACC. AT STEWN (AP) 03455
VERI, ACC. Al (6 «03571
vEaTl, ACC, AT #HOw (F®) «03vve
H1/3 AT wn]Crt RHM/(Ce] 12.2
Hl/3 AT we]Cr RHM/D=) (FEET) 16.7
WAyt HEIGHT AT ORIGIN 169328
WAyt MEIGHT AT STA, 109368
HEAVE 1.5187S
PITCH 1.85952
VERT, MOT, AT STA, & 2479525
lq PAM AT STA, & 2000309
VERT, ACC, AT STERN (AM) «01928
VERT, ACC, AT C6 «02128
VERI. ACC. AT HUW (FP) «03032
H1/73 AT wn]CH RHM/Ce]) leel
Hl/s3 AT wniCr RAM/Ds) (FEET) 19.4
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TABLE 8 — RMS RESPONSES OF SHIP E, 20-KNOT SWATH

nt AU SEAS
wiziz &, FEFRT

LPls 200,0 FEET
CLEAwANCE. C =

12.10 FFETY

UdAFle U ® lv,eu FER!?

CrranneL SPEENS

SEC. Ve RTS 5. aTS 15, %18 2ue ATS
wAyt =t lo=l Al uwlo]ly lewsna? leiovl 1 o35¢U lewdle/
JAye =gl AT STA, « lete3ni? lLew379y 1,43990]) LotedNZ
-“Fave YR «3235n o) T9m( 0 2127v
PITCH el7lbe .éJO'\l .lo"‘" 0‘5-’“1
vERl, wTl, AT STa, « YO 7 couc 37 018356 o 2Misat

6 QAm AT STa, « lefnlul 143805 1,37017e lew3130
vEuil, aCC. &Y STEwWN (A=) wUPLOY V2517 0026173 «Olue?
vFol, ACC, al1 C~ U2 1lve T VL) 202115 021lm
vFel, aCC, a1 =uae (FP) NP1 s le? oUcn3? oNiete9 ]
179 &7 w=]Cr wany/C=y 19ev 2Veb 2UeH I 2.9
4173 al m~lC~ 24w/ =) (FEET) 25> Is.l 33.3 3lev

wAye s e . ' } P L I A V) P R LA [T WA L L ewne0
@By~ s f el al ST, . Lownn~—| baed= v loowimy Lowndw:
~“FAvre EPNTI R LN Lel™m 11 o V3= PPNTY )
LA ) o’ elUr D ol 3L e el
VEQty iy AT NTa, - YA D te3/>1t el IR
8 ey AT ST, - Coe=iNl e Celled™ [P 1ad?]e~
vEDT, LI, al ST.-~. (3= RN el o= R L « 1De/
VERT, aCu, AT « o ¢+ S~ vzl e ti™] e e sl
vELl, A0 , wf e e e e h ! e 3™ el At PRI P
Rl A B O AR .l iCe* I~o iTe
=l a? e ey :A(FEET) 1= e~ Auet " e ‘e
qdyr el et ol ol tewiyin [ e AV L guom==1i {ew?und

10

4By v ol Y L, e
-

.)]', ..

VERT . g il NT L, -

B2 L RS A \
Ve v T e . o

o Y o_e N
‘4:--¢<. X .«

It~ e « . * -
Y at el e

Lo lzav
ceZ2c VY

o ‘et
P aee 10
P TakalF i del

. "D
V-

o' e ¢

\
~
3
'Y
?
1

L gomem ¢
“. Pup Vot
AT R
Lo deis
col=
PRI Al

eite~ -

ot 31 v ¢

l3e1t

e

| g/~

e v~rTi

I R
‘e 'l
Lg=™ &=y
TN A el
o 2=’

o " Herere

1*e

¢ Vet

14

alys = el “w TN B
ahys el o=l AT LV, e
~Fave

A A

vE D1, 2T, al <Tu, -
ol Lul ST, -

wtDl, ALC e &T sle e tae?
vhol, all, &l .

vEaT, M, w] o 4 B

LI WARFSEEET S Fal P I NES

] 74 Q0 el wedtt/ oz ‘FEET’

laewsr=
tew9esre
Le=r~ i
Le V2=
et e
ZelHs-
ellr Yoo
ool
ol /Z 4T

I tar
)l.‘

l.nl’“ 1
Lowln in
C eI ™
P (Y5 I
ol
(.l(")‘
74N
" Yl
.u\‘/w

| P

Zle>

Lememwc |
l aeme i
l.“J' l"
o V2 0
celi=l~
Felste
eUlm=
VR NI
oll Jrom

13e¢
clael

Lewnin/d
l.n“l LN
te? 72~
ARLL A
"“‘h“\
Zelluwle
PPl
PUFL 2L
o't ey ¢

[ da
rle™




TABLE 9 - RMS RESPONSES OF SHIP F, COLUMN STABILIZED UP

MEAD SFAS LPPe 70,0 FERT
nl/3z &, FRET! CLEAxANCEs C = Lodu FLF T
T UMAF s U s [Z.Su rtel
CrAnnt L SPEED'S
SEC. ve W1 S, RTS 15 ~ 1S
wavet HEIGHT AT ORIGIN  Tewddy Lewsllo | I O
wAve mE[uT AT STa, & letwiosu Led5v ] ot $9mm
“Eave IV IUY 1.ul2h6 PR TLR
PltCn 103620 2.33550 TS LILE
vEol, wT, AT STa, & CelUdudy 3.262R4 JeeMyin
RN AT STA, & cellidV? J.63107 wolleywn
5 vEQI, ACC, AT STEN (AP) VB ILU NRPLX] el 30k
vERl, aCC. aT C6 UZBC3 sU6US1 e Pl hS
vFRl, ACC. AT WOy (%) MTTIPLY o216 30 ST ITTTY
“Ml/9 AT )™ wAmz( =} ool lel Poie
“l/8 a7 a~]C= wirsiez (FEET) 12ev “el lo?
wAye =€ lo=T AT el T LY NL] Lewsnl Petwe /3
wAyz =E]lu=l ai ~Ta, « PR LEE Lewdeib ISR Y
-“EAavEt RN KT 1o dUSHY ZehYlnBU
23 8 4% LeRU/L? Cowle U Celttrnln
veQl, «9T, AT STy, o Ze3) 300 Jewllay 4ablnde
8 QAM AT STa, < Lefwuny 3.2017RY Goh 26
VED,. ACC. AT NTEwry (AW) aUSODY3 .ll)b'i'! « 264919
vEQi, aCC, AT (C:un s Ul Joit «052nS «2UZ 30
vERi, ACC, ATl e (Fw») s 7950 o 19266 . 32554
=173 AT w=j(C= wuaw/s(=) Sef Jot 2ol
<173 AT a=jU> Imasi=| (FEET, e Yol Dete
qAyr =r | 7 Yol o el 1~ Lewanl/ loemy
@dyr =z | a0l 1T, e ieslel Lewdme, Leludn
-Fase lel tlng lo tlwusn e 4NTItes
QIT P PINEN P TS LE Cetie i)
VED T, 4T, ATl ~f1, o cebellw TR EIRUR Sevnl 42
10 sy LT Sl - Lo Yetrg Ce dnuln PP AVR R L
P N S ST N7 (et o e ™y ww? i olhv“‘
el g Al.e Vi o 11 euwell~ o lietian
WED Ty Al AT e e tew e elm elwcin o A
~173 11 LR N AL IR ALY SO ] le™ “wel (‘n'
4171 A1 a=jlev eveny = ‘FEET) T 1¢e> 1o
eBys g foae?l AT g, awe3gm Leelnil 1 gk 4us
edyz =pl el AT ST, . Lowtegny Lewintn Lewr qun
~tavr tet7 430 Lewe 17 LoMnnas
PIT .~ Levsall leZ9lun feauion
lq . vEQT, AuT, AT sT4, o Len/ne] Zelbn?¢ CeRluln
J8w at ‘ras - «eMMUMwG lnlﬂ(hu Z.dlmm
vERl, AUC, AT ST v, (ae» WUl SN PRVENTIAY UMY
V‘O‘. A0, At (. WEELYd .JEJ‘*7 N LR
vEDl, aCC, Al m e (bw) suSLOS sV igNs L YAL
~1/73 AY 4=](™ wua/(Cx|) Ing d LYY “weh
“l/3 al 4=iCn wuz93y (FEET) “ne™ )-.:M 15:-1

59




TABLE 10 — RMS RESPONSES OF SHIP G, COLUMN STABILIZED DOWN

HEA) SEAS LPPe 70,0 FELT
“l/73s 6, FEET CLEARANCEe C = 12,0u FEFTY
TO | URAFPTy, D= 24,00 FEET
CHANNEL SPEEVS
SEC. _ ve NI Se ATS
WAyt MEIGHT AT ORIGIN lewidby e ibhe
wayvt HEIOHY AT STA, « l e ivi0 Lew3nle
HEAVE 36245 « 39100
PITCH e 3o06M cBOYH
VERl, MOT, AT $7a, 4 «SHO6L6 o 725n
RBM AT STA, & 1ob2367 leo012723
6 VERT, ACC. AT ST#Fkn (AV) sVl 3y dUIUN]
VERT, ACC, AT CG wUILLS U211
VERT, ACC. AT HA0w (F¥) U2eo2 Vb hbe
Hl/3 AT An[CH waM/C=1 1"ed Inel
4] 3 AT wweiCw RAmzp=1 (FEET) 3lel I6ec
WAVE HETOLHT AT OR[uIN lewnsiv L enn 375
WAy HEIGHT ATl STA, « leernsrs Lowowels
~EaAvhk «HPIIY Y TS
PI1TCr ety l] e 3V ISH
VERT, MUT, AT STa, & e AmucY ebnw i
8 28M AT STa, 4 1e3nans lec?oue
VERT, aAfC, al STewn (aw) eVl 7 TR Y]
vEeT, arc, AT Co ’ o1 lan? ewlin=l
VERT, aCl, Al muae (Fw) edrro’ w3y
=1 /3 AT wm[Crm W/ Puelt fcal
1 /3 AT 4= |CH Seasi=] (FEET) wled e e 3
WAyt =EJo—=f Al gelnl lewtlin 1l ewovWU"
vAVL MElo=l ATl STa, < lewlroy leeD9rS
—HFAve el fm oluvy
PITOA PSRN o Juht)n
VERl, w1, 41 STa, lelow/f Ty
10 e R L | RN e Leltren/
VEDL . AT, AT NTS et ey R I N Salind
VEL T, Ao, 2 F o] 3us el 877
vERT, ACZ, ot ~ie trv) o3l 2l el I
H1 73 AT o990 wa /0 =) 21l em Pl
AL/ AT w=|l= -w2/0=) (FEET) “wleu he
wAyz HE[o=l At i, loewedgn 1o lnme
WAyL HE [0 Al STa, o Lawed 35 RO YR
HEAVE ) te $429y Letwnll
plT"' e duee P P U
VERLl, af, al STéa, . fetul s 199913
lu PRM AT ST4, 1e™m Jrem lewnilu
VERT, aCl, ol <T7w . (1=} TR R-10 RVE Vg T4
vERT, afC. &l (o el les eulldn
vERi, ACC, ol sile (F+) RURST) T LYY
H1/735 AT a=fLr bmsylz] | Y] lvaeu
H1/3 AT d=]fee w2 ) (FEET) o Nl
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