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' NOTAT ION

* F rreeboard
FG Gecmetric freshcard
L Ship length uetween perpendiculars
Pw Probability of deck wetness
To Mcdal wave period

Relative motion amplitude

r1/3 Significant single uzmplitude of relative motion
ZA Heave amplitude
GFI Trim and sinkage correztion to FG
6F2 Wave profile correoction to F5
eZc Heave-to-wave phase angle
ee( Pitch-to-wave phase angle
* Sy Wove amp) itude
\E“)-l/3 Significant wave height
eA Fitch amplituuz
) Vave lengta

»_.lmum vave siope
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ABSTRACT

The deck wetness charecteristics of an offshore supply vessei
In following waves are predictod analytically c~d compared with
experimentally derived results., It is found that the analytical
predictions are conservative gliven specified conditions, The
conservatism ot the analytical results s attributed primarily to
the Influence of dynamic swell-up and incident wave distortion on

ship-to-wave relative motion,
ABMINISTRAY IVE INFCRMAT!ON

The work reported hereinafter was funded by the United States Loast Guard
Funding was suppliad by Military Interdepartmental Purchase Request 2-7099-6-
€2630. At the David W. Taylor Naval Sh!; Research and Development Center,
where the work was performed, it was identified as Work Unit 1-1568-023.

INTRODUCT!ON

The United States Coast Guard (USCG) ras recen:iy sponsored two investi=
gations of offshore workboat deck wetness characteristics at tr- Dav:a W. Taylor
Naval Ship Research and Development Cen-e (DTNSRDC). The fi-st of these
‘nvestigations concerned a fishing vesse ™ "~ head waves, and the resuits
thereof are repurted in references 1 and 2 " The second invest'gat =z, con-
rerning an offshore supply vessel in followi~c waves, 't desc-ibed he-efn-
after. All model quantitlies are given at .ne scalc of the prototype un'ass

otherwise specifiea.
VESSEL, OPERATING CONDITIONS, AND RESPONSES EVALUATED

A double-~hine offshore supply vessel 82 wetres (171 feet) In iengtn was

evaluazted. Tie vessel characteristics supplied by the USCGC are given n the

*
References are listed on page 13.




second ~oiumn of Table 1. Evaluation was limited tc regular, following waves
at vessel speeils ¢~ 5.0 arc 12.5 knots.

*ince only follewling vaves were cinsidzred, emphasis was placed upon
vertical plane responses: pitch, heave, and ship-to-wave relative motion.
Kelative moticn was evaluated at the stern, at the forward and after guarter-
points, and at the longituding® . ¢f buoyancy lacation. Thesc respcnses
were determined for various w vele: jths up to five times the length of the

vessel.
ANALYTICAL PROCEDURE AND RESULTS

The DTNSROC Ship Motions and Sea Loads computer program, described In
reference 3, was used to compute che pitch, heave, and associated phase angle
characteristics of the subjert vessel in followi.2 waves at speeds of 5.0 and
12.5 knots. The analytical model of hull geometry us<d for the computations Is
shown in Figure | Some of the characteristics of tils analytical mode! are
quantified in the third colum of Table 1.

Resu'ts of the hip Motlons and Sea Loads computer program are presented
in Figures 2 throuy.. 9 as solid lines. Phase angle results ars alven as lags
with respect to maximum wave elevation at the iongitudinal center of buoyenc,
location. The 12.5-knot curves have been faired w~ith discontinclitie- av 2
wavelength to ship length ratio of 0.5 to indicate that encounter frequency
goes to zero .nder this condition. (At 5.4 knots, encounter freaquency gces
to zero in waves of less than 0.1 ship length. This wavelength }s shorter

than considered, so the 5.0-knot curves do not show discontinulties.)

Relative motions were computed from the data presented in Figures 2
through 9 by toking the vector sum of heave, wave elevation, and pltch- ‘ndu- .
displacements at the after perpendicular, the forward and efter quarterpoi=-s
and the longitudinel center of bucyancy locacion. (The longitudinal cente- -
buoyancy was assumed to lie 1.48 metres (4.85 feet) af. of amidships ia a:..
with the results of the Shin Motions and Sea Loads computer program ) Re'a e
motion results so-computed are shown as solid lines in Fieoures 10 through
Discontinuities indicating zero encounter frequercy are aga:n shown 'n rr.

12.5-knot curves,
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The analytical results just presented weire obtalned pr.or to coroui” "ng

QLT T

the supply vessel experiment., In view of the wave encounter frequen: et

R Aot

. assoclated with the conditlons investigated (these frequeticies are iow -3
/4{ vary quite slowiy for wavesof ship length and longer), the results we e :hought
to be viabie. They were, accordingly, taken as & dasis for design:ng tne

experiment.
EXPERIMENTAL PROCEDURE ANL ESLLTS

; The USCG supplied a model identifled as 3-04 for the expe iment Tn's

| model represent:id the prototype offshore supply vessei at a scale rat'o o°
17.47. The experimeantal facility, =»pparatus and methodology empioyed were

: aenerally as reported for the earlier experimen' w'th the fishing vessc!

mode! (see Appendix A of reference 1). Here it should be noted that:

i S 4 g 4

1. The mode! was ballasted to the prototype equivalent character ° - -«
listed in the fourth column of Table 1.

E 2. The model was fitted with a solid bulwark extending arouna the
! stern and forward to the after quarterpolnt. This b’ .27k was
1.07 metres (3.5 feet) high at the scale of the protct,pe.

. 3. Wnile data was being collected, rhe model was s;eif-r-opel’ea and
. { free to move in all degrees of frecaom., Course was matnta.~ed by

an automatic rudder control system while speed was mainte ned by

: manual contro’ of an electric motor wh ch powered _re mode:
* } 4. The neasurements of primary concern we-e wave height, p.t.n, hea.e,
.fSi and relative motions at the after perpend ¢ 'a’, the tc-warg 3 -
' é after quarterpoints, and the lecngitud.na’ center of buoyancs {+ &8
4 metres (4.85 feet) aft of amidsh ps) Roll, surge, swa-, yaw,
'\; carriage veloclty and rudder angie were aiso measu-ed
: :; In the context of items | and 4 above, ballasting to metaceant-.c he ygr+ and
g measurement of horizontal plane responses and rudder angle are no* no 3!
5/? ' procedure for experiments in head u; following waves. Howe. e*, a p .Or exper -
;*é‘ ment with mosel $-04, see reference 4, ind .atea that th:s mcze ~.'d beccme
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unstable and capsize in extremely steep following waves. Theugh the erperi- .
sent now under discussien was not intended te erplore conditions so extreme as

to lead to capsizing, it was theught that an experimental design which azcommo-

dated the pessibility was desirable. Accerdingly, ballasting to metacentric

height and the extra msasurements were included.

The basiz experimsntal program consisted of runs in regular, following
waves of the various lengths needed to define pitch, heave and relative mef (on
transfer functiens and the phase angles of pitch and heave with respect to the
incident waves. Fer these runs, wave slope was decreased with increasing
wavelength, i.e., from 3.5 + 0.5 degrees in waves of one-half ship 'ength to
1.0 0.5 degvees in waves of five times ship length.

in waves of ship length and of twice ship langth, wave steepn:ss was
varied to assess tha iinearity of the measured responses. Wave slopes on the
order of nine degrees were reached during the linearity runs in waves of ship

length at 5.0 knets, and a slope exceeding six degrees was attained in waves
of the same length at 12.5 knets. In waves of twice ship length, wave slopes .
in excess of four degrees were attained at both speeds. '

Calm water r. s were made to determine the vessel's trim, sinkage, ani wave
profile characteristics at 5.0 and 12.5 knots.

Al measured transfer function and phase anale data (Includ!ng that from
the linearity runs) are shown in Figures 2 threugn 17 as open circles. These
data are fundamental node results as obtained by Fourier analysis of the
measured cime histcries. It can be noted that there Is considerable scatter
in the pitch and heave transfer function data for long waves at 5.0 knots
(Figures 2 and &), and in the relative motion transfer function data for all
locaticns and beth spexds in short waves (Figures 10 through 17).

The scatter in the rels.ivec motion transfer function data is not sur-
prising In view of the fact that these transfer functions are meximized in
short waves where phase angle variabllity is rapid (see Figures 3, 5, 7,
and 9). On the eother hand, the scattcr of the 5.0-knot pltch and heave
transfer function data In long waves Is :nost unusual. The availadle data do
not Indicate that elthar pitch or heave exhibi* conslistent, nonlinear trends

In long waves at 5.0 knots, sc the scatter can onl, bs Qttributed to some




type of instability under these conditions. An investigation of the auxiliary
date collected did indicate that rolling motion at 5.0 knots was about 40
parcent higher than that at 12.5 knots. However, the magritudes involved were
small at both speeds. In terms of time domain root mean square values, roiling
motion at 5.0 knots was typically cn the order of 0.3 degrees while that af
12.5 knots was 0.2 degrees.

Pcssible nonlinear trends were found to occur ounly for relative motion at
5.0 knots in waves of ship lengtii. Supporting data are shown in Figure 18.
The nonlinearity involved is mild, and is of the type (response increasing at
a decreasing rate with wave amplitude) which causes the transfer function to
decrease with increasing wave amplitude. (This situation contrasts that
found in the earlier fishing vessel investigation reported in reference 1.
The fishing vessel exhibited distinct nonlinearities with response increasing
at an increasing rate with wave amplitude.)

Calm water data are presented in Table 2. The values tabulated are
averages over three runs at 5.0 knots and two runs at 12.5 knots. The 5.0-knot
results exhibited significant run-to-run variability. They should, accord-
ingly, be taken simply as an indication that trim, sinkage, and wave profile
are "small" at 5.0 knots.

To conclude this se<tion, a few qualitative observations are in order.
The model was observed to ship water only during the runs made in steep waves
to investigate linearity. The wetness occurred in way of amidships (where
there was no bulwark) rather than at the stern. Wave profile overtopping
appeared to be the major causal phenomenon. Though instability has been
hypothesized to be the cause of the scatter in the pitch and heave transfer
function data at 5.0 knots in long waves, no instability was evident from
observation of the experiment.

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

Figures 2 through i7 provide the basic comparisons. Pitch is notably
underpredicted in long waves at both speeds considered {Figures 4 and 8).
Relative motion is rathcr consistently overpredicted. The only notalle




oxception to the overprediction of relative motion occurs In long waves at 5.0
knots for the longitudinal center of bueyancy locatien (Figure 12). Here the
predictions are rather 2ccurate.

To gain an understanding of the discrepancies between the analytical and
experimental results for relative motion, the limitations of the analytical
methodolegy employed must be considered. As previously noted, relative motions
were compuied by taking the vector sum eof analytically-predicted heave, wave
elevation, and pitch-induced displacements at the locatiens evaluated. This
state-of-the-art procedure accounts anly for what can be termed the kinematic
component of relative motion. It neglects dynamic swell-up (reference 5) and
incident wave distertion (reference 6). When, as in the present investigation,
analytical predictions of pitch, heave, and the phase angles of these motions
with respect to the Incident waves are not ex}remeiy accurate, the magnitude
of the nonkinematic cemponents of relative motion is best evaluated by computing
kinematic relative motion from measured pitch and heave data; and thence,
comparing these results with measured relative motion. A cemparison of this
type was made using selected data from the supply vessel experiment. It was
found that kinematic relative motion computed on the basis of measured pitch
and heave data was on the order of that measured in long waves but significantly
exceeded measured relative motion in short waves in fact, the kinematic
relative mstion predictions based on measured pitch and heave data frequently
exceeded rthe like predictions basrd on analvticaily cetermined pitch and heave
characteristics. Figure 10 (after perpendicu‘ar relative motion at 5.0 knots)
includes a sample comparisen. The "hybrid" curve Is faired from kinematic
relative motion transfer functions computed on the basis of measured pitch
and hé&a/e data.

The finding just discussed Is of practicul impertance. Mrevious investiga-
tiens of the nenkinematic components of relative motion in head waves, e.g., the
fishing -essel Investigation reported in reference 1, have generally indicated
that these compenents tend to increase relative metien in short waves. Under
such circumstances, predictions of ~elative motion statistics in irregular
waves will be unrealistically low If they are based on kinematic relative metion

transfer functiens. |In the present case, however, relative motion is decreased

—-———— 2
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by its nonkinematic -omponants. Hence, analytical predictions cf reiative
metlen statistics for this case will he conservative, [.e., high. All other
elements being equal, an overprediction of relative motien in irregular waves
will preduce a conservative or somewhat overpredicted deck wetness probability.
This matter will be addressed in greater depth in thc subsequent section.

DECK WETNESS PREBICTIONS

As noted in the preceding section, censervative predictions of relative
motion statistics wil! yield conservative predictions of deck wetness if ‘‘all
other elements are equal.' Figures 10 through 17 clearly indicate that the
analytical results for the cupply vessel in following waves will yleld con-
servative estimates of relative motion under linear superposition (reference
7). Further, the results already described indicate that linear superposition
is valid for relative mtion at the 12.5-knot speed; and will produce addl-
tional conservatism at 5.0 knots. Hence, the matters to be addressed here
are the degree of conservatism involved ard the influence of elements othzr
than relative motion on the prediction of deck wetness.

The probability of occurrence of deck wetness, say Pw, can, for a specl-

fied location, be written as

P = c2(F/ry, )2 0

where F is the freeboard at the specified location and rl/ ‘5 the significant
single amplitude of relative motion at that iccat:on (reference 8). So, If
identical values are assumed for F, a conservative prediction of rl/a will
evidently lead to a conservative predictinn of Pw. in a purely analytical
approach to calculating Pw, F Is measur~d from the hydrostatic wateriine to

the wea.her deck edge or to the top of the bulwark. This measurement may oce
identiflied as ‘''‘geometric freeboard' and symbollzed by FG' If experimental dava
are avallable, F, can be corrected to account for the influence of trim and

G
sinkage and of the wave profile, i.e.,

F = F, + 8F, + 6F, 12]

G




. where 6F, I's a correction for trim and sinkige and 6F, Is a correction for the

wave profile. If these corrections are Introduced in the exper imental case,

a conservative analytical prediction of r,/ does not guarantee a conservative
3

analytical prediction of Pw.

To explore the matters just discussed quantitatively for the supply vessel,
relative motion and deck wetness calculations were made for the after perpen-
dicular at 12.5 knots. This rase was selected because It involved relat!vely
large freeboard correct.ons (see Table 2), and was representative of the general
nature of the dis.repancies between the analytical and experimental relative
motion transfer functions. The calculations are described below,

initially, analytical and experimental transfer functions were derived
from Figure 14. The analytical transfer function was arbitrarily faired
through the zero encounter frequency region and ‘nto rA/cA =] at A/L =0,
The experimental transfer function was faired through the approximate mode of
the data points and into rA/cA = ] at A/L = 0. The resultant transfer functions
are shown in Figire 19.

From inspection of Figure 19, It is evident that relative motion will be
maximized |\: wave spectra with modal wavelengths equal to or less than the
length of the vessel (for a given unimodal wave spectral family and an arbitrary
wave Eeigh; stat stic) Since the vessei Is oniy 52 metres (171 feet) long,
it seemed advisable to investigate the realism c. rhese critical conditions
be. ore proceeding with the computatitns. This was accomplished using data ‘rom
the hogben ard Lump Wave Atla: (reference 3! Acea 15 of this atlac lies in |
the Gulf of Mcaizc: a ~easonable coperational area for gn offshore supply vessel.
Accordingly, the observed wave statistics for this area (41l seasons and al)
directions) were converzed to significant wave height and modal wave pe-iod
statistics using the calibrations given In reference i0; and taken as a basis

for the assessment.

| The results showed that nearly 90 percent of the wave systems occurring In
the area investigated had modal lengths of 53 metres (175 feet) or less., Sig-
nificant wave heights assocliated with these modal wavelengths were found to
exceed & metres (13 feet) only raraly. Mhowever, significant helghts to 7 metres



(23 feet) occurred in slightly longer waves. In view of these circumstances,
focusing the calculations on wave spectra with short moda) wavelen;:hs
appeared ver; reasonable.

Bretschnelider wave spectra, reference !, with unit significant wave
heights and varying modal wave perlods were used for the computitlons. inte-
gratlons were pcrformed numerically ever a range which accounted for essentlally
all of the wave energy present for modal periods up to eight seconds and
involved a loss of only four percent st the highest modal periods evaluated.

The resu:iting values of significant single amplitude of relative motion per

unit significant wave height, rl!gl(iw)’lg' are presented in Figure 20 as a
function of modal wave period, To. This figure shows that the values of
r‘/3/(Ew)‘/3 computed on the basis of the analytical transfer funct!cn from
Figure '9 usually exceed those computed on “he basis of the exper.mental trans-
fer function from Figure 19 by about 0.1 (20 to 1) percent). For very low
values of T . the analytical rl/ /(;u), i drcps below the exper:mental. However,
the helghts assoclatcd waves of such low modal perlods are too small to be of
practical concern.

Uimensional values of rl/ for use in compc*ing the probability of
occurrence of deck wetness, P' in equation [1], can be obtainea trom Figure 20
for @ b'trary values of (Eu);,3. To illussrate, consider To « 7.26 seconds:
the modal period corresponding to & moda! ~avelength equa: to the length of the
suppiy vessel under investigation. Then, f.om Figure 20, /(( )1/ - 0.4
in the analytical case and r}, I(Cu)‘/ « 0.304 ‘n the experlmcnto' case.
Multiplying these ratios by an arbltrary (;H)ll of 4,0 metres (i3 feet) g'ves
1y, " 1.6k metres (5.4 feet) In the analytical case and r,, = 1,22 metres
(5.0 feet) in the experimental cose. Taking 1.58 metres (S. 2 feet) as
reasonable value of freeboard te the tep of the buiwark for F In equat!on (1],
It s thence found that P' equals 0.156 In the analytical case and 0,035 In
the experimental case.

Figure 21 summarizes a series of cemputations of the type just described.
The netation of equation [2] and data from Table 2 are used to define F with
Fo = 1.58 metres (5.2 feet) as in the example above, For the most dlrect
cemparison, l.e., with equal freebnards, Figure 21 shows that the analytically



predicted probabilities of dech. wetness exceed those based on experimantal data
by a factor of two or more for significant wave haights up te €.0 metres (19.7
feet). The overprediction decreases t about 40 percent at 8.0 metves (26.2
feet). When freeboard is corrected for trim and sinkage (s decrease in this
case) on the experimental side, the experimental probabilities arc typically
about 0.05 less than the analytical predictions., A further decrease in experi-
mental freeboard due to wave profile raises the experimentel probabilities to
values marginally nigher than the analytical predictions.

The foregoing results clearly indicate that experimentall -determined
freeboard corrections can significantly modify the correlation between analytical
and experimental predictions of the probability of deck watness. in the par-
ticular case investigated, these corrections resulted in improved correlation;
but this forturate result cannot be expected to occur universally.

It is also relevant to note that using calm water data for the freebeard
corrections, while it appears to be the best available procedure at the current
state-of ~the-art, may be inaccurate. This is particularly true in the case of
the wave profile correction. It seems very likely that the inclident and dynamic
swell-up wave systems modify the calim witer wave profile. Further, It can be
hypothesized “hat wetness due to wave profile cvertopping only is less severe
than that associated with other causal phenomena.

CONCLUS I 0NS

The primary conclusion te be drawn from the foregoing material is that
conservative predictions of deck wetness for the vessel and conditiens investi-
gated can be computed using state-of-the-art analytical precedures given that
the same freeboard is assumed for both the analvtical an? experimental cases.
Three cautionary notes are in order with reszect to this conclusion:

1. Consideration of experimericai'y determined freeboard corrections for
trim, sinkage, and wave profile can modify the degree of conservatism
23seclated with the analytical results or, in extreme casas, make
the analytical results nencenservative.

10
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2. Since prior expariments with the vessel evaluated here (reference &)
indicate that Instatility and r~nsizing can occur in extremely steep
waves, wetness predictions in extrem:ly s2vere seas should be
interpreted cautiously.

3. In view of the empirizal natu-z of the results obtained here,
extrapolation to sianificantly different hull forms and/or operating
conditions should be avoided.

An important secondary conclusion is that dynamic swell-up and incident
wave distortion decrease relative motion for the vessel and conditic... investi-
gated. This finding reversas that from previous irvectigations of other vessels
in head waves, e.a., raference 1: and is the primary cause of the conservatism
of the anaiytical resuits obtained, If this phenomenon can be shown to hold
in general for following waves, the third restriction in the foregoing list

can be relaxed consicderably.
RECOMMENDAT I ON

Both the offshore supply vessel experimaent described here and the earlier
experiment with the fishing veisel (reference 1) have indicated that the most
cormon cause of deck wetness is water shipped in way of amidships. Offshore
workboats frequently employ a raised fo'c'sle deck and somztimes a raised poop
deck as well. These features, in combination with the rel\tively low amplitudes
of relative motion in following waves, appear to offer an efiective deterrent
to shipping water over the bow or over the stern. On the other hand, such
vesscls almost invariably have extremely low freeboards in way of amidships.
in head and/or following waves, the low freeboard amidships is to a degree
offset by the fact that relative motion is smaller in way of amidships than at
the ends of the vessel (since the contribution of pitch is small or nil in way
of amidships). Nonetheless, *!ie experimental evidence shows the midship region
to be critical even in head and following waves. The fishing vessel investi-
gated was so extreme in this respect that water was shipped in way of amidships

even in calm water at the higher speeds Investigated.

Though casualty statistics identify following waves as a major cause of

instability in offshore workboats, the real environment will rarely produce

R
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a pur:ly fellewing waie condition. Even if the predominant wave direction is
from astern, there is very likely to be sionificint wave energy from other
directions. This additional wave energy will induce rolling motion; and the
affects thersov on a vessel which experiances deck wetness amidships even in
head or following waves could be dr.catic. The rolling motion will produce an
additional relative motion component at the deck edge. This could cause the
volume of water shipped to increase significantly. Both the increased volume
and the influence of the more complex absolute motions of the vessel on the
water on deck should increase the iikelihood of instability developing.

In view of the foregoing considerations, it is recommended that attention
be directed to assessing the deck wetness characteristics of offshore workboats
in long-crested, unidirectional seas at oblique relative headings and/or in
short-crestod, multidirectional seas. An investioation along these lines would
require a moderate developmental effort since very little work has beer; done on

-slative motion and related phenomena for other than long-crested head seas.
.4t, unless there are errors in the logic presented here, the reed for such an
investigation is inescapable.

12
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TABLE Z - CALM WATZR DATA

Speed Slnkagol Trin? Vave Profllc3 (wezres)
(knots) (metres) (degrees) AP AGP Lcs FQr
5.0 ~0.094 0.06 -0.040 -0.040 -0,034 -0.076
12.%5 -0.256 0.15 0.107 -0.433 0.073 -0.110
L.

1 positive up
2 positive bow-up
3 positive wave elevation above running wateriine
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