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ABSTRACT

A procedure to determine extreme ship responses has been developed and
previously reported in a pilot investigation for prediction of extreme tank
accelerations of Liquid Natural Gas (LNG) ships. Essentially, extreme
accelerations and motions are developed by applying short-term statistics
to hull responses predicted for severe sea conditions. The procedure requires !

three inputs to determine the extreme values:

1. Root mean square (RMS) ship responses
2. Extreme wave heights from historical data of ocean areas which

serve as LNG shipping routes

3. Probability of exceeding a certain response level within a

specified time

The purpose of this report is to develop the RMS ship responses required to
determine LNG tank design (extreme) acceleration rules. The actual design

rule work is presented in a separate paper.

The RMS data base presented is for a series of five LNG ships ranging
in length from approximately 600 to 1000 feet and with capacities ranging
from 29,000 to 200,000 cubic meters., Ships with both spherical and membrane
tanks are included. The data base consists of six rigid body ship responses,
i.e., heave, pitch and roll along with longitudinal, lateral and vertical
accelerations at the center of the forward tank for each of nine ship/load

cases, Periods associated with each response are also given.

The data base covers a wide range of ship speeds, i.e., 0, 5, . . .,
20 knots, ship headings, i.e, 0, 15, . . ., 180 degrees and modal wave
periods, i.e., 7, 9, . . ., 2] seconds. The seaways are represented by
short crested Bretschneider two-parameter spectra with one foot significant
wave heights, so that the data can easily be scaled to any wave height.
The effect of load variations is evaluated by determining ship responses
when GM is varied.




The data base presented is easy to access and considered applicable
to many ship design and engineering problems. It is presented in tabular
form with supportive two and three dimensional trend plots, The procedure
used to generate the data base is outlined. Examples of data base uses

are given with specific reference to LNG tank design accelerations.
ADMINISTRATIVE INFORMATION

This work was conducted at the Naval Ship Research and Development Center
(NSRDC) upon request of the U.S. Coast Guard (USCG), MIPR Z-70099-3-30922.
It is identified as Work Unit Number 1-1568-004.

INTRODUCTION

The importance of liquid natural gas as a source of energy has been
steadily growing in the past few years, Fear of scarcity or unreliability
of energy sources and emphasis on environmental protection have influenced
its rising importance in the United States as well as other countries. One
major result of this is that a new class of ships, LNG Carriers, is being

developed.

The United States Coast Guard (USCG) is responsible for the safety of
all hazardous cargo ships entering or leaving U.S. harbors, including, of
course, LNG ships. Therefore, the USCG has sponsored research programs to
improve the evaluation and specification of LNG ship safety. As a conse-
quence, NSRDC has been contracted by'USCG to explore procedures which may

result in more realistic classification rules,

This NSRDC program has been broken into three pluses over a period of

two years:

1. Phase | - Conduct a pilot investigation to develop a procedure
for determining extreme ship responses and apply it to a typical
LNG ship.

2. Phase |l - Modify procedure of Phase | where required, to

accommodate a representative range of LNG ships, Develop a data




base of root mean square ship responses and assoclated periods
for all possible ship headings, speeds and sea conditions. The
data base format should permit easy access for wide range of
applications including LNG tank design.

3. Phase Ill - Using Phase || data base, determine extreme ship
responses and compare with current tank design classification
rules. The results should be in a form easily comprehensible
to the tank designer, e.g., as a function of ship length. Internal

tank pressures due to liquid head should be examined,

The Phase | work has been completed and reported.l* This report presents
the results of Phase Il. A comprehensive report detailing Phase |l work
is In preparation. A summary of all phases of the program has been recently
presented at the GASTECH '74 LNG/LPG Congress in Amsterdam, Netherlands.2

The present report is divided into several major sections:

1. Series Description

2. Prediction Procedure

3. Results

L. Application of Results
5

. Concluding Remarks.
SERIES DESCRIPTION

The five ships selected for the LNG ship series are described in Figure |
and Table 1. Ships were selected for the series in an effort to describe a
representative range of LNG carriers likely to enter U.S. ports, both now
and in the future. The ship lengths vary from approximately 600 to 1000 feet
and the cargo capacitlies range from 29,000 to 200,000 cubic meters. Ships A
and C have spherical tanks; Ships B, D, and E have membrane tanks, The ships
are considered to be in the full or nearly full cargo load condition and each
ship Is assumed to possess typical bilge keels for purposes of ship lateral

response predictions.

*Superscripts denote references listed on page 111,

3
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The effect of load varlation on predicted accelerations is examined for
two of the ships by simple GM varlations rather than by combined draft, trim,
displacement and GM varlations. This Is considered appropriate because
current full-scale ballasting procedures maintain LNG ships at essentially a
constant draft, without regard to the liquid natural gas cargo load status.
Ships B and C are selected for these GM variations; both ships are permitted
three separate GM values as shown in Figure | and Table 1. Each ship/GM case
Is treated separately, thus the LNG ship series consists of nine unique

ship/load conditions.
PREDICTION PROCEDURE

The general prediction procedure is outlined in Reference !. Some
modifications and additions have been made to this general procedure for
its application to the LNG ship serles. Figure 2 outlines the major computa-
tional elements of the procedure. |In brief, the calculations are performed
in two steps, denoted A and B in Figure 2. Part A provides the six-degree-of-
freedom response amplitude operators applicable to motions near the CG of
the ship by applying state-of-the-art ship motion theory. Part B ''translates'
these operators to obtain operators applicable to the center of the forward
tank, and then computes the ship responses in short crested seas using
theoretical two-parameter wave spectra. In addition, modal periods associated
with the responses are determined. The items numbered 1, 3, and 7 in part B
are the major modifications and additions which have been made to the general
procedure given in Reference 1. These Items are described in this section

of the report and a brief description of the entire procedure is also given.

RESPONSES

Statistical predictions of ship responses are found essentially by the
procedure of St. Denis and Plerson.3 This procedure assumes that the seaway
and ship responses to it are statlonary Gaussian random processes and that
the principle of linear superposition holds. A cosine-squared law is used

to spread the wave energy from long crested (uni-directional) to short crested




(multi-directional) seas, In summary, the response variance, ogc(u). in

short crested seas at a glven ship speed V and ship heading angle u Is

u+ /2 wg™
ogc(u) = J- ; -Y [RA (mE, v)]2 Sc(wE' v) dwE dv (1)
u-rn/2 o

where v is the wave direction with respect to the ship, w. is the encountered

E

wave frequency, w_* is the encountered frequency above which ship response is

E
negligible, and [RA (mE, v)]2 is the response amplitude operator, SC(wE, v)

is the short crested encountered wave speztrum defined by
= 2 =
Sg(wE’ v) = (2/7) cos? (v - u) S;(wE) (2)

where SC(wE) represents the long crested encountered wave spectrum. Substi-

tuting equation 2 into equation 1,

W

u+ /2 E
ch(u) = (2/w) cos? (v - u)J [RA (wE, v) 12 Sc(wE) dmE dv  (3)
n - /2 °

and for the integration over wave direction, v, values of the integrand at

v=uyu+ pn/12 where p=-6, -5, . . ., 0, . . ., 5, 6, are summed and

multiplied by n/12, i.e.,”

6
ogc(u) = (1/6) i ! o%c (u + pn/12) cos? (pn/12) (&)
where
wE*
oﬁc (u + pn/12) = ‘J- [RA (wgs 1 + p1/12)]2 S;(wE) dug (5)
o

%
Both the ship response and the spreading function are assumed constant for
a given encountered wave frequency over each n/12 interval of ship heading.
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is the response variance in long crested (uni-directional) seas at an angle
(u + pn/12) with respect to the ship,

Due to conservation of energy
Sc(wE) dwE = Sc(w) dw (6)
where w is the wave frequency, and by definition
dwE = (awE/aw) dw (7)

therefore,

sc(“s) dug Sc(“) (Bw/awE) duwg

SC(w) [1/(3ug/dw)] dug (8)
The encountered wave frequency is defined by
wg = w " (w2V/g) cos v (9)

: where g is the acceleration due to gravity, so :

(3wg/3w) = |1 - (20V/g) cos v (10)
Substituting equation 10 into equation 8,
Sc(mE) dug = Sc(w) [1/01 - (2wV/g) cos vl]| dug (1)
The absolute value is taken in quation 10 to prevent the case of negative

frequencies of encounter. The quantity l/(awE/aw) of equation 8 is the

Jacobian of the transformation from the wave frequency domain to the

encountered wave frequency domain, see Reference 5.




In summary, equation 4 describes the response variance used In this
work. Details of the calculation procedure needed to compute equation L are

presented below.

Response Amplitude Operator, RAO

Ship motion response amplitude operators were computed using the NSRDC

4

Ship Motion and Sea Load Computer Program, " which is based on theory by
Salvesen, Tuck and Faltlnsen.5 Surge, sway, heave, roll, pitch, and yaw

RAOs were computed for the intersection* of the longitudinal centerline of

the waterplane section with the transverse plane through the center of gravity.
Figure 3 presents a typical set of RAOs for Ship A at 10 knots. The RAOs

are given as a function of wave frequency, w,** for ship headings ranging from

0 to 180 degrees in 15 degree increments, where head seas are at 180 degrees.

Ship acceleration response amplitude operators for the center of the
forward tanks are computed by the NSRDC Irregular Sea Response Prediction
Program. The procedure is outlined in Reference 6. Briefly, the ship
responses at any point (x*, y*, z*) along the ship are determined by the

translation equations

Lo = x - ynw + 2%0
LA =y - z:':¢ + x:'rw
Ly = 2 = x*@ + y*¢ (12)

where Lo, LA’ and Lv are the ship displacements in the longitudinal, lateral,

and vertical directions, and x, y, 2z, ¢, 6, ¥ are surge, sway, heave, roll,

"This point is the origin of the coordinate system used in the calculation
procedure.
"“In practice, the computational w and w_ ranges are determined from the
wavelength to ship length ratios, A/L P input to the NSRDC Ship Motion
and Sea Load Computer Program. That is, RAOs are computed for we values
determined from %
w = (2ng/1)

and equation 9. The A/LPP range used for this work is 0.1 to 4,2.
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pitch, and yaw motions at the origin. The corresponding response amplitude
operators RLo(mE, v), RLA(wE. v) and RLv(wE, v) are easily determined by

calculating real and Imaglinary parts of LO’ LA' and Lv for a given encounter

frequency.

The acceleration response amplitude operators are found by taking the
product of the displacement response amplitude operators and [wE(w)]“/gz.
By using the approach of the previous section, the required acceleration

variances are found.

Wave Spectrum, SC

The two-parameter Bretschnelder spectral form has been used. The two
parameters are, by definition, significant wave height, (Zw)1/3, and modal

(peak) wave period, To' The spectral density equation is

Sc(w) = Aw-s exp [-B/w"*] ft2 . sec
where
~ 2 4 Py o
A = 483,5 (;wfilalro £t2 . sec
and
B = 1944.5/T ¥ sec (13)

Equation 13 represents the energy of a long crested (uni-directional) seaway

in the w-domain. A cosine squared law has been applied to equation 13 in
order to approximate a more realistic short crested (multi-directional) seaway,
i.e., see equation 2. Also the wave spectra are transformed to the encountered

wave domain, see equation 11,

The RMS responses presented in this report were computed using wave
spectra defined by a significant wave height of 1 foot and modal periods
7, 9, . . ., 21 seconds. Figure 4 illustrates the shape of these wave spectra.
The use of the two-parameter spectrum has several advantages over the use of

a one-parameter (wave height) spectrum:

1. For a specific wave height, more realistic ship response ranges

can be determined, due to a recognition of the wide variations

in energy distribution for actual sea states.




2. Observed wave data for a specific oceanographic area may be

readily used.

Special Techniques

Due to the wide range of ship sizes and operating conditions, as well as
the fact that the primary interded use of the data base Is to predict extreme
responses, several special (numerical) techniques have been developed and are
discussed in this section. It should be emphasized that the first two
techniques discussed are simply to surmount computational problems which
arise due to the use of linear equations of motion to represent complex non-
linear phenomena. This recognizes that the linear equations are not suitable
for the prediction of motion divergences which can occur in nature for extreme
sea conditions when wave encounter frequencies are very small, e.g., ship

broaching and capsizing in extreme quartering or following seas.

Surge, Sway, and Yaw in Quartering and Following Waves. The equations of

motion of the linear theory5 used in this work predict very large RAOs

for surge, sway, and yaw responses for near zero wavc encounter frequencies.
Similar large values for heave, pitch, and roll RAO predictions are not as
obvious possibly due to the inclusion of hydrostatic restoring terms in their
respective equations of motion.6 The problem caused no difficulty in the
pilot investigation because only a long LNG ship, Ship D, was considered,
However, in this work, it has been necessary to consider the difficulty
because smaller LNG ships are included. For example, Ship A is approximately
two~-thirds the length of Ship D and thus reaches lower encounter frequencies
than Ship D for the same speed, heading, and wavelength/ship length ratio
(A/LPP) combinations.

Therefore, a procedure has been developed to impose numerical limits on
predicted surge, sway, and yaw transfer functions. The imposed limits are
derived empirically from measured extreme surge, sway, and yaw model data
and are implemented in the NSRDC Irregular Sea Response Prediction Program,
see Figure 2. Appendix A gives a detalled description of the procedure.
Figure 5 illustrates an application of the procedure to the case of a transfer

function for Ship A at relatively high speed in quartering waves. The shaded

10




area in the figure denotes the area for near zero wave encounter frequency,

Wes in which a very large sway predictlion occurs, For example, at A/L_,, of

PP
0.3 (mE = 0.012 radlans/second), the sway transfer functlion is predicted to

be yA/cA = 75.1. According to the empirical limits derlved in Appendix A,

the sway transfer function limit, (yA/cA) Lim’® should not exceed 1.06 for this

ship heading.

Roll Nonlinearities. It is known that the principle of linear superposition

does not necessarily hold when seaways become extreme. For example, roll
motion, which is considered the most nonlinear ship response, tends to reach
limiting values rather than continuing to increase linearly with wave height
in extreme waves. Figure 6, prepared using unpublished NSRDC model experiment
results, illustrates this nonlinear behavior of roll motion. The square
symbols in the figure represent measured roll amplitudes and the solid lines
represent predicted values for the same conditions at which the experiment
was conducted. Figure 6a clearly demonstrates a leveling off of measured
roll amplitude ¢A with increasing wave height ZcA, especially as speed
increases. For example, at a Froude number Fn = 0.15, roll amplitude appears
to level off above a wave height of 30 feet. Figure 6b presents the data of
Figure 6a in nondimensional form and illustrates the decrease in measured
roll motion per unit wave height as 1/wave steepness decreases (or as wave

steepness increases and thus wave height increases).

In both Figures 6ba and 6b, it is apparent that the computed roll motion
for higher wave heights is overpredicted, especially as speed is increased.
Since the data base of this report is primarily intended for determining ship
responses in extreme seas, a procedure was developed to predict more realistic
extreme sea roll motions using the existing linear theory.5 Essentially, the
procedure develops a rol) correction factor dependent only on ship heading
and speed which is applied to the RMS roll angles. Appendix B gives details

of the procedure.

Spectral Closure. Validity of the predicted RMS responses relies on a proper

numerical technique for calculation of the area under each response spectrum,

If the response spectrum approaches zero at both high and low frequencies,

R

B —




the spectrum is considered to close. The response spectrum approaches zero

when either the response amplitude operator or the wave spectrum (or both) Is

small,

Generally it is rather a simple procedure to select a range of A/LPP*
values that assures both sufficlent resolution of the response spectrum and
closure. However, In the present case, due to the wide spectral frequency
range, l.e., 7 to 21 second modal wave periods, and computer program storage
limitatioms, some difficulties arose. Figure 7 defines a procedure whereby
small areas can be added to the computed response spectrum to assure closure
at both high and low frequencies. The spectrum is considered to close, at
either end, if the end spectral value is less than or equal to 10 percent of
the peak value, otherwise small areas are added to the original spectrum., For
example, if the spectrum does not close at the low frequency end, i.e.,

S; > 0.1 Smax’ then the smaller of two areas, A, or A3, is added to the
originally computed spectral area A;, see Figure 7. |In Figure 7, A3 is the
area of the triangle formed by drawing a straight line through the first two
spectral ordinates, and continuing it to the frequency axis. A, is the area
of the triangle formed by drawing a straight line to the frequency of zero
wave energy, e.g., w_ = 0.2, and is included in the procedure only to ensure
that excessively conservative, i.e., large, A3 values are not added to the
originally computed spectral area. |f the spectrum does not close at the

high frequency end, i.e., Sn > 0.1 Smax and Sn < Sn , then Ay is added to

=i
the originally computed area S;. Ay is the area of the triangle formed by
drawing a straight line through the last two spectral ordinates, and continuing

it to the frequency axis.

Figure 8 gives a typical example of the procedure for heave displacement.
In this example, a small area at the low frequency end is added to the original
heave spectrum. The small area added, A,, is considered reasonable because

the wave spectrum is quickly going to zero for w < 0.30. For example, if

"As noted in the Response Amplitude Operator section, the w and w. values for
which responses are calculated are determined from the A/LPP values input to
the NSRDC Ship Motion and Sea Load Computer Program,

12




the wave spectrum is extended down to w = 0,2, see dashed line in middle plot
of Flgure 8, it becomes nearly zero, |If the heave RAO Is assumed to be 1,
at w = 0.25,* the response spectrum ordinate Is 0,083 which Is clearly within

the A, right triangle in the bottom plot of the figure.

PERIODS

In response to frequent U.S, Coast Guard inquiries about the period
assocliated with extreme accelerations, a basic modification to the calculation
procedure was made. Previously the procedure was concerned only with pre-
dicting ship motions, see Reference 1, and thus all RMS values were computed
in the wave frequency, w, domain, this being the simpler procedure, In order
to develop a procedure for determining response periods, however, the response

spectra need be examined in the encountered wave frequency, w., domain.

EI
Prediction in the mE-domaln permits analysis of the frequency content of the
encountered response spectra and was thus incorporated into the calculation

procedure.

This addition to the procedure takes advantage of recently developed
U.S. Navy computer programs to predict correlated ship motion time histories.
It has bteen found that the maximum time history response occurs at a period

which is close to the modal period, T of the encountered response spectrum.

0E’
Verification of this finding is given in Appendix C.

Thus, in addition to the root mean square responses, the periods of the

responses, TOE’ are contained in the LNG series response data base.
RESULTS

DESCRIPTION

The response/period data base for the LNG ship series is presented in
Appendix D. Table 2, of the appendix, gives a summary of the data presentation
for each ship/load case. Specifically, the data base is presented in three
distinct formats:

*
That is, the ship is heaving with the same amplitude as the wave,

13
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1. Figures 17 to 21* present three-dimensional response surfaces where
? each figure contalns the six data base responses for all five ships
for a specified speed. The surfaces are functions of ship heading

; angle, u, and modal wave period, To. The two intermediate load

(GM) conditions are shown for Ships B and C. These figures are

i useful in determining the peaks and valleys of the responses as

| heading and/or sea conditlon varies, as well as showing gross

' differences, or lack of same, of particular responses across the
ship series. For example, at 10 knots, see Figure 19, vertical
acceleration is largest in bow-to-head seas for modal wave periods
from 11 through 13 seconds. Further, at 10 knots, maximum vertical
acceleration is greater for Ship B (GM = 3 Ft), i.e., approximately
0.49 g's, than for any other ship; Ship E has the smallest maximum
vertical acceleration, i.e., approximately 0.27 g's.

2. Figures 22 to 30%* are two-dimensional ''density plots' of ship
response versus encountered modal period. Each figure is for one
ship/load case and contains response-period pairs for all headings
and speeds for each response-type. These density plots are very
useful in detecting resonant periods, general trends, etc. For
example, Ship A, see Figure 22, exhibits the most severe roll angles
in the 22 and 23 second encountered modal period range. In the same
figure, longitudinal acceleration generally shows little change in .
highest RMS response across encountered modal period, while vertical
acceleration is greatest around 7 to 8 seconds.

3. Tables 3 through 48 present the RMS response encountered modal period
pairs, one response-type for one ship/load case per table. Each

table contains predictions for all speeds, headings and sea conditions

Basic three-dimensional plots were constructed by CalComp's THREE-D
perspective drawing software and the 763 drum plotter, The THREE-D package
was purchased by this project expiicitly to construct the plots for Figures
17 to 21.

""Basic scatter or density plots were constructed using CalComp scftware and
the 763 drum plotter.
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plots, several observations can be made,

(significant wave height of 1 ft). These tables permit a quanti-
tative analysls of ship responses for the LNG ship sques. For
example, the values given in the tablLs may be used to evaldéte
variations in response levels as heading aﬁd/o; speed changes, -
to determine extreme lifetime response values for use In design,
etc. The examples gliven Iin the Application of Results section

illustrates the use of these tables.

DISCUSSION

Upon examination of the data base, especially the density and surface

comments are made:

1. Excluding roll, similar trends are shown for each type of response

surface at a specific ship speed, irrespective of ship length.

2. As speed increases, maximum vertical accelerations move from beam
to head seas for all ship lengths.

3. Maximum lateral accelerations occur near beam seas for all ship

speeds and lengths,

4. As speed increases, maximum heave occurs for high modal wave periods

and moves from beam to bow seas, especially for the smaller ship

lengths.

5. As speed increases, maximum roll moves from beam to following seas

and modal wave periods decrease, especially for the smaller ship

lengths.

For Figures 22 to 30, the following comments are made:

1. Variations in GM do not affect acceleration responses, see Figures

23 to 28. Only roll response magnitude and period are affected.

2. Except for roll, the response envelopes are generally similar for

each ship. Further, the maximum heave, pitch, lateral and vertical

acceleration responses for the series occur within a relatively
narrow period range of about 4 seconds., For example, for all 9

ship/load conditions maximum heave response occurs for periods

15
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between 16.1 and 20.3 seconds. Similarly, for maximum plitch
response the perlod range is 7.7 to 11.6 seconds. It Is also
important to note that the periods for maximum vertical acceleration
responses always agree closely with the period for maximum pitch
responses. As the pitch and vertical acceleration maxima occur

near head seas, this infers that pitch motion Is a major factor
effecting vertical acceleration.

3. As expected, maximum roll responses occur for periods close to the
estimated natural roll periods* of the ships, f.e., within 3
seconds.

L. Maximum vertical accelerations are two to three times larger than
maximum lateral accelerations, depending on ship length. Further-
more, maximum longitudinal accelerations are at most one quarter of
the value of maximum vertical accelerations. Maximum roll angles
are at least twice as large as maximum pitch angles.

5. Vertical acceleration is much more sensitive to encountered modal

period than either longitudinal or lateral acceleration.
APPLICATION OF RESULTS

The LNG ship response data base was developed for a specific application,
i.e., to determine extreme ship responses and compare them with current
classification rules used to design LNG cargo tanks. However, the data base
can be used for other problems and three examples are given below. Only the
first example is concerned with extreme ship responses and is taken from the

Phase |1l work, see Reference 2.

Example |
A building block procedure to determine design ship responses based

on short-term statistics has been developed, see Reference 1. The procedure

“Natural roll periods have been estimated by

T¢ = 1,108 K¢/»’ﬁ

and are given in Table 1 and Figure 1.
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consists of four essentlally independent steps, The first three steps
produce a data base of ship responses In extreme seas, Thls data base Is

referred to as the extreme response data base and Is defined by
Sl (Cw)l/g B

where X is the extreme response. o is the RMS response for unit significant
wave height. (EW)I/3 Is the extreme significant wave height for a specified
modal wave period To and geographic location. CT is a so-called confidence
factor which provides that the extreme response, X, is not to be exceeded by

a specified probability, a, for a given exposure time, T, of the ship to the
extreme seas. The fourth step of the bullding block procedure consists of
selecting design values from this data base by applying rational ship operator
strategies in storms. The strategies involve speed reduction, heading change

to limit vessel motions, most likely headings, etc.

Reference 2 provides an application of this four step procedure to
determine LNG tank design accelerations. In short, extreme response surfaces
are developed for the LNG ship series from the RMS unit significant wave
height surfaces of this report, see Figures 17 to 21, Worldwide measured or
observed extreme wave heights are used and the extremes are predicted with a
probability of one in a hundred of being exceeded during a one day ship
exposure to the extreme seas, Figure 9 presents the selected design vertical
accelerations when ratlional ship operator strategies are applied to the
extreme vertical acceleration surfaces. The two dashed lines on the figure
represent current classification rules for LNG tank design, The significance

of this figure is further discussed in Reference 2,

Example 2

Together with oceanographic data for specific geographic areas, the RMS
unit wave height response data base of this report can be used to determine
the optimum ship course (least time) from a port of departure to a port of
arrival. Such work, which considers the effect of various ship operator
strategies, is now in progress at NSRDC, under USCG sponsorship, for a series

of ammunition-carrying ships.

17




Example 3

Another application of the data base is the determination of acceler-

atfons at arbitrary points In the ship. The present data base, see Appendix
D, Includes accelerations at the forward tank center only, Figures 10 and

11 were prepared to enable the determination of accelerations at other points.
Figure 10 defines the points in the flve series ships for which special
acceleration calculations, shown in Figure 11, were done. Figure 11 demon-
strates the effect of spatial variations within the ship on the predicted

: RMS unit wave height acceleratlons, which are denoted on the figure by LV
for vertical, LK for lateral, and"Lﬁ for longitudinal. A modal wave period,
To’ of 13 seconds was used for the calculations. Figure lla presents results
for the base load conditions of the five series ships in bow seas. Similarly,
: Figure 11b presents the bow sea results for the alternate load conditions of

. Ships B and C. Figures llc and 11d present results for all load conditions

of Ship C in beam and quartering seas. Three types of point variation are

f demonstrated.
The bottom row of graphs on Figure 11 shows the differences in predicted
vertical and lateral accelerations across the LNG ship series when the
i position along the ship varies longitudinally. For example, in the lower

left hand corner of Figure 1la, the vertical scale is for vertical acceler-

ation, Lv, and values are shown for Ship A at point 1, the center of the

forward tank, point 4, midships, and point 5, the center of the last tank,
see Figure 10. The abscissa scale, used to denote the position of points 1,

4, and 5 along the ship, denotes the ship length from the aft perpendicular,

AP, to the forward perpendicular, FP, Values for both 10 knots (solid line)
and 20 knots (dashed line) are shown, To the immediate right of this plot is

the corresponding plot for lateral acceleration, Ly, for Ship A.

A
Similarly, the middle row of graphs on Figure 11 shows the differences

in predicted vertical and longitudinal accelerations when the position on
the ship varies laterally. Values for point 1 and for point 3, which is to
the port side of the forward tank center, are shown. The abscissa scale is

F for 100 feet on each side of midships, g , where a negative sign indicates

the port side of the ship.

18




Finally, the top row of plots of Figure 11 shows the differences In
predicted lateral and longltudinal accelerations when the position on the
ship varles In the vertical direction. Values for point 1 and for point 2,
which Is below the center of the forward tank, are shown. The absclssa

scale Is for distance In feet above the baselline where 0 denotes the baseline,

Several general comments regarding the effects of spatial variation on
ship accelerations are to be noted. Firstly, vertlcal acceleration is constant
along any vertical line through the ship. For example, vertical acceleration
Is the same for points 1 and 2 defined on Figure 10. Similar rules hold for
lateral and longlitudinal accelerations, see Equation 12 which defines ship
responses at any point along the ship, Secondly, only large spatial variations,
such as are possible in the longitudinal direction, drastically alter the
predicted accelerations, see Figure 11, Thirdly, nelther speed variations nor
load (GM) variations affect acceleration trends with spatial variations for a
specific heading, though the trends do vary substantially for different head-

ings, see Figure 11,

Acceleration values at points other than the forward tank can be estimated
from the data base uf Appendix D by using the trends of Figure 11. For
example, suppose the vertical acceleration of the aftmost tank for the case
where the forward tank acceleration is maximum is requried for Ship A at
10 knots. From Table 8, the maximum vertical acceleration at 10 knots occurs
at 135 to 150 degrees at an 11 second modal wave period and is 0.0044 g.

From Figure 1la, the vertical acceleration of the aft tank is 78 percent

(0.0032/0.0041 = 0.78) that of the forward tank.®* Therefore, the acceleration :
in the aft tank corresponding to the maximum vertical acceleration of the {
forward tank at 10 knots is 0.0034 g (0.78 x 0,0044 g = 0.0034 g).

A final comment is made in connection with Example 1. |t may be assumed
that the extreme accelerations, and hence the selected design accelerations,

vary for different tanks in the ship by the same trends as shown in Figure 11.

*
It should be noted that the acceleration is minimum at midships and maximum
at the bow. From Figure 1la, the vertical acceleration at midships is 61
percent that at the bow (0.0025/0,0041 = 0.61) for Ship A.

19




Thus, the tank at midships may have a smaller design acceleration value than

the tank nearest the bow which has the maximum value,

CONCLUDING REMARKS

The LNG ship series response data base presented in this report is
applicable to ship design/naval engineering problems. Examples of applications
to several such problems have been glven, Though the data base was developed
primarily for determining extreme accelerations of LNG cargo tanks, it is
not limited to such use. In fact, it is expected that In the future, when
LNG Carriers are employed to transport denser cargoes than liquid natural gas,
the response data base presented herein will still be applicable as long as

design displacement/load conditions are maintained.

A major feature of the data base is that the ship responses are defined
for one foot significant wave helght two-parameter sea spectra. This permits
simple scaling of the so-called unit wave height ship responses to arbitrary
wave heights for specified modal wave periods. As more and more oceanographic
data becomes available, it is expected that changes will occur for observed
and measured extreme wave height and modal wave period combinations, as used
to determine design accelerations in Reference 2. The LNG ship unit wave
height response data base, stored on a digital magnetic tape, can be easily

applied as new extreme wave data become available.

Another more basic feature of the data base is that the wide range of
speeds, headings, and modal periods covers all conceivable values of these
variables. Thus, it is considered that the ship response data base represent:

the range of all possible, physically realizable ship responses,

In conclusion, it is considered important to note that the seakeeping
performance of any existing ship class or new ship class* can be rationally
evaluated by constructing the type of data base presented in the present
report. Of course, the type of ship responses considered important might

differ from the ones presented in this report for LNG Carriers,

“With hull forms similar to the LNG ships or hull forms for which the basic
ship response prediction accuracies have been established,
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Figure 4 - Bretschneider Two-Parameter Spectral Family
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RESPONSE SPECTRUM, S

: I A, = AREA OF COMPUTED RESPONSE SPECTRUM

Az — 1/2 31 ((4)1 _wo) where Wwo = 0.2

Az = AREA OF RIGHT TRIANGLE FORMED BY
DRAWING STRAIGHT LINE THROUGH S,

AND S, TO THE ABSCISSA, TRIANGLE mt81m1

ES55] A« -SAMEASA; BUTFOR S, ANDS,

Smax

w (or wg)

IF$;>0.1S,,,, THEN A; <A, + MINIMUMOF A, AND A;.
IFS,<S,qandS,>0.1S,,,, THEN A;<A, +A,.

Figure 7 - Spectral Closure Procedure
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Figure 9 - Comparison of Predicted Design Acceleratlions with

Existing Rules from Reference 2
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LONGITUDINAL DISTANCE

LATFRAL DISTANCE

VERTICAL DISTANCE

SHIP |POINT CESCRIPTION FROM AFT PERPENDICULAR | FROM CENTERLINE | FROM BASELINE
(FEET) AXIS (FEET) (FEET)
[ Center of Forward Tank N2TG 0. 46.6_
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A To_Side of Center of Forward Tank 122.6 3855 u6 6
4 | Midships 280.5 2 U,
S Center ot Last Tank 151.1 0. b6 .6
I__| Center of Forward Tank 10. 0. 35. )
2 bove Bottom of Forward Tank, Below Center of Tank 10. 0. 7.32
B 3 |To Side of Center of Forward Tank 10. -34.3 15.
L | Midships 01 0. 35.3
S Center ot Last Tank 72. 0. 5.3 _ |
Center of Forward Tank 533.05 0. L7.
Above Bottom of Forwird Tank, Below Center of Tank .05 0. 15.
c Yo Side of Center of Forwird Tank 533.05 -54.2 L7.
Midships ~308.8 0. i7.
5 Center of Last Tank 172 0. 47.
Center of Forwara Tank &5 B 53.
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0 To Side of Center of Forward Tank 708.7 =25.0 52
Midships 'za} -3 5 .g
enter of Last Tank z 9. 3
Center of Forward Tank 809. 0. :
Above Bottom of Farward Tank, Below Center of Tank B03. 9 0. .8
E To Side of Center of Forward Tank 809.9 -46.5 62.0
4 Midships 475. 0. 2.0
5 Center of Last Tank 2163 0. 67

CENTERL INE
WATERLINE

BASELINE

N

VERTICAL DISTANCE FROM BASELINE, FEET

Figure 10 - Point Location for Prediction of Accelerations
for LNG Ship Series
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APPENDIX A
MOTION LIMITS IN QUARTERING/FOLLOWING WAVES

Extremely large values for surge, sway and yaw* RAOs are predicted by
the equations of motion based on the linear theory of Salvesen, Tuck, and
FaltlnSen.5 The large values occur for higher ship speeds in quartering and
following waves, l.e., at near zero encountered wave frequencies., The
situation did not occur In the pilot lnvestlgationI because only a long LNG
Carrier, Ship D, was considered. However, in this work, the problem is of

importance to the smaller ships in the series.

In brief, the model experiment results of Baitis (destroyer),7 Tasai
(tanker),8 and Wachnik/Zarnick (aircraft carrler)9 were used to derlve
empirical limits for surge, sway, and yaw transfer functlons. These limits
were then used to modify the transfer functions, (YRRD) , predicted by the
NSRDC Ship Motion and Sea Load Computer Program, see Figure 2, Coupled motion

effects are not considered.
The derived limits are
Surge : (XA/CA)Zim = 0,8174 + 5,946 - Fn - 0.020614 + u ,
sway i (yp/tp) pim = 0.0255 + u + 0.3,
Yaw (wA/CA)zim = 0,0206 * u + 0.275 for u < 40° ,
(a/tp) pim = 1.875 - 0.0193 « u for u > ko° ,
for 0 < heading angles, u < 90 degrees
and Froude number, F_ < 0.4,

The surge limit was obtained by the method of least squares and must always
be greater than or equal to zero. The sway and yaw limits were based entirely

on the largest response values independent of ship type.

*

Surge, sway, and yaw are not explicitly contained in the LNG ship response
data base though they do contribute to the responses at a particular point
along the ship, see equation 12,
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Figure 12 shows the limits along with the extreme data on which they

are based. It Is noteworthy that only surge appears to be speed dependent
whereas all three responses are strongly dependent on shlp heading relative
to the seas.

Figure 5 presents a typical application of the procedure to a sway
transfer function In quartering waves. For thls heading, 30 degrees, the
empirically derlved sway limit, (YA/CA)Zim’ Is 1,06, Therefore, the computed
sway transfer function Is limited by this value, e.g., the large computed

value yA/cA = 75,1 Is reduced to yA/cA = 1,06,
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Figure 12 - Extreme Surge, Sway, and Yaw Limits at Near Zero Frequencies
of Encounter and the Assoclated Model Data
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APPENDIX B
ROLL CORRECTION FACTOR

Ship response predictions are usually made by assuming the responses
to be linear with wave helght. Roll is considered to be the most nonlinear
ship response for the conventlonal monohulls under examination In this report.
Thus, roll nonlinearities, and thelr effect on the predicted RMS roll angles,

are of Importance to thls work,

The linearity assumption departs from reality for high wave heights as
shown for roll motlon In Figure 6, which Is taken from unpublished NSRDC
model experiment results, Also shown on the figure are the corresponding roll
responses predicted by llinear theory.s Clearly, In Flgure 6a, the predicted
roll amplitudes are too large for higher wave helghts, i,e., wave helghts
exceeding 30 feet, Furthermore, Figure 6b, which presents the data of
Figure 6a In nondimensional form, shows that roll amplitude per unit wave
height (actually wave slope) Is reduced as 1/wave steepness decreases (or
as wave steepness Increases and wave height increases). The measured roll
amplitudes per unit wave slope are essentially linear for wave steepnesses
less than 1/80 (or 1/wave steepness greater than 80). At greater steepnesses,
the measured roll rapidly becomes nonlinear. The use of greater steepnesses
(or higher wave heights) is of foremost concern in this work because the
primary purpose of the RMS unit wave height response data base is to predict
LNG ship responses in extreme seas. Figure 6 clearly shows that roll is

overpredicted for the higher, steeper waves.

Therefore, a so-called roll correction factor for these extreme waves
has been developed to prevent predicted roll in extreme seas from being
excessively conservative, i.e., large. This factor is equal to the ratio of
roll at resonance in waves of 1/20 steepness divided by the roll at resonance

in waves of 1/80 steepness.* The factor was established for a large number

%
Predicted roll and measured roll, at resonance, have been shown to agree
reasonably well, over a range of speeds, for wave steepnesses of 1/80,
see Reference 6.
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of ship headings and speeds and It was found that the roll predictions at
1/80 steepness are valid (the roll correction factor approaches 1) for all
but headings from 0 to 90 degrees and speeds of 15 and 20 knots. For these
cases, the factor was constant across heading and decreased with Increased

speed. For 15 knots the factor is 0.73 and for 20 knots is 0.53. The
factor is applied to the predicted RMS roll angles of the data base of this

report because the data base is primarlly intended for future prediction of
extreme sea ship responses.




APPENDIX C

VALIDATION OF PERIODS ASSOCIATED WITH EXTREME RESPONSES
USING FULL-SCALE AND SIMULATION DATA

Since some of the proposed regulations regarding LNG tank design acceler-
ations are written in terms of both the locations In the ship as well .3 the
ship's natural roll, pitch and heave periods, the USCG repeatedly inquired as
to procedures by which the perlods could be assoclated with extreme or design
accelerations. In a recent Navy sponsored project, the modal encountered
period was shown to be related directly to the maximum ship responses. This
relationship was established by demonstrating that the zero crossing period
associated with the maximum response cycle corresponds closely, i,e,, within
about + 10 percent, to the encountered modal period, TOE' (TOE refers to the
period corresponding to the peak of the encountered response spectrum.) The
Navy project represented the first time such a correlation between maximum
response and associated period had been established at NSRDC. Thus, it was
essential to further valldate the relationship before adopting it for use in
the development of LNG tank design accelerations. Two validation investi-

gations were undertaken:

1. Verify the relationshlp by examining predicted response time
histories.
2, Verify the relationship by examining full-scale trial response

time histories.

The initial Navy work used predicted time histories for long crested
(uni-directional) wind waves with swell superimposed at various specified
angles. For the LNG project, this validation investigation has been performed
by improving the realism of the wind wave representation to short crested
(multi-directional) seas. Responses were computed in both time history and

spectral form.

The short crested time histories were simulated from the work of Zarnick'0

as

s(t) = bJ © s, ' cos (wkt + Y.k) (14)

)
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where w, + Aw/2

k
= L2 5, (0) du]® (15)
we = Aw/2

and s(t) Is the wave time history, bJ Is a factor for angular spreading of
the wave energy (assumed Independent of the wave frequency), ij is the
random phase angle assoclated with the headlng angle and the wave frequency,
M Is the number of discrete heading angles, and N Is the number of discrete

wave frequencies.

A cosine squared function is used to spread the wave energy from long
crested to short crested seas, i.e.,
XJ + Ax/2
bj = —-~g cos? Xj dy (16)
XJ = AX/Z

where xj is the wave direction relevant to the predominant direction. The

response time history, r(t), Is

M N
r(t) = ? : RAk . bj s, cos (wEkt + ij - sk) ’ (17)
where RAk and € are the amplitude and phase of the frequency response functions
at wEk'

Figure 13, adopted from Reference 2, presents typical simulated correlated
wave height and ship motion time history segments. The simulation was done
for a 30 minute ship exposure to the extreme seas and the motion segments
shown in the figure are for the period of time in which the maximum vertical
acceleration cycle occurs, The zero crossing period of the maximum acceler-
ation cycle is designated as TMAX on the figure. The encountered modal period
derived from the peak of the acceleration spectrum Is deslignated as TOE‘ It
is readily seen from this typical example that TOE may be regarded as a good




For example, the vertical acceleration, which is con-

estimator of TMAX'
sidered the most Important of the three acceleratlons, see Reference 2, has
TMAX estimated by TOE to within 10 percent of its true value, The longli-
tudinal acceleratlion is estimated with simllar accuracy. The lateral acceler-

ation TMAX Is estimated to within 20 percent of Its true value.

The second validation investigation consisted of the re-analysis of four
days of full-scale trlal ship motlon data. Shlp speeds varled from about 2
to 27 knots and headings varied from head to followlng seas. Sea states
varied from a low sea state 3 to a low sea state 5, A detalled examination of
the measured data Iindicates that the modal encounter period, TOE’ does not
predict the true perlod, TMAX' as well as was Indicated in the predicted time
historles. Predicted time histories generally resulted In TOE estimating
to within 10 percent. However, TOE for the vertical acceleration

Thax
estimated TMAX to within + 10 percent only about 57 percent of the time, though
95 percent of the time TMAX was estimated to within + 20 percent. Thus, TOE

estimated TMAx reasonably well for the most important acceleration, i.e.,
for LNG tank design, 95 percent of the time. Thls estimate is valid even
when TOE values for other, less important, ship response variables do not
necessarily predict the TMAX associated with thelr respective maximum

responses.

Figures 14 and 15 illustrate response spectra and their corresponding
TOE and TMAx values for two specific full-scale trial conditions. Figure 14
represents a typical case where TOE accurately estimates TMAX for all ship
response variables. Figure 15 illustrates a typical case where TOE fails to
estimate TMAX accurately for all ship responses, However, in this latter
case, even though pitch, roll, lateral and longitudinal accelerations as well
as vertical stern motion do not have their respective TMAX predicted to
within the *+ 20 percent tolerance, TOE does accurately predict TMAX for
vertical acceleration. It is considered likely that the apparent failure of
TOE to predict TMAX Is related to the presence of swell in the seas and in
particular Is associated with the angle between the wind sea and the swell,
This conclusion is substantiated in part upon examination of the wave spectra
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that were measured in conjunctlon with Figures 14 and 15, see Figure 16.*
The wave spectrum of Figure 16a, measured about one hour prior to the ship
motions of Flgure 14, shows one predominant peak which Is due to the local
wind driven sea. However, the spectrum of Fligure 16b measured about two
hours after the ship motions of Figure 15, shows two major peaks which
indicates the presence of swell with the local wind driven sea. It Is this
presence of several major frequency components In the sea that appears to

cause the failure of TOE to estimate TMA in Flgure 15,

X
In summary, it has been shown that TOE' the encountered modal period

of the response spectrum, Is generally a reasonable estimator of TMAX’ the

period of the maximum response cycle, for cases where the seaway Is represented

by an energy spectrum that is single peaked such as a Bretschneider spectrum,

see Figure 4, or a measured sea spectrum such as In Figure 16a. For cases

where the seaway contains large amounts of energy at several distinct frequency

ranges, e.g., see Figure 16b, TOE does not appear to be a valid estimator of

T Further investigatlon of the relationship between TOE and TMAX will be

MAX*
done as more full-scale ship response and wave height data become avallable.

It is conslidered that these spectra, though not measured simultaneously
with the ship motlons of Figures 14 and 15, show the general characteristics
of the seas at the times that the motions were measured,
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APPENDIX D

LNG SHIP RESPONSE DATA BASE
1 & |

Table 2 presents a summary of the tables and figures which comprise the
LNG ship response data base presented In this appendix., RMS ship responses,
i.e., heave, roll pitch, and longlitudinal, Iateral.-and/vertlcal acceler-
ations at the center of the forward tank, as well as_the ‘assoclated periods,
TOE,‘are given. As the data are primarily intended fér prediction of ship
responses In extreme seas, the RMS roll values have been reduced by the
appropriate factors discussed In Appendix B, The accelerations are all
multiplied by 100. A ship heading angle of 0 degrees represents following

seas and 180 degrees represents head seas.

The flgures consist of two types. The first type presents the RMS
reSpohse surfaces, Figures 17 to 21, Each of these figures contain a given
speed. The 'surfaces are functions of ship heading and sea condition (modal
wave period). No representation of the periods associated with the responses

is given,

The second type presents the response density plots, Figures 22 through
30. The density plots show RMS responses versus the associated periods, TOE'
Each figure is for a given ship/load condition and contains response/period

pairs for all headings, speeds, and sea conditions.

Tables 3 through 48 contain the responses and periods for ship speeds
of 0, 5, . . ., 20 knots, ship sheadings of 0, 15, . . ., 180 degrees in
short crested seas with modal periods 7, 9, . . ., 21 seconds and significant
wave heights of one foot. Each table is for a given response type, e.g.,

heave. For Ships B and C, which each have three load (GM) cases, heave and

pitch tables are given only once as they do not change with the variations
in GM,
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LNG SERIES
ROOT MEAN SQUARE RESPONSE SURFACES
UNIT SIGNIFICANT WAVE HEIGHT

0 KNOTS
SHIP A SHIP B SHIP C SHIP D SHIP E
i (Lyp S61FT) (Lgp 604FT, (L,p 778FT, (L, - 840FT) (Lpp 952FT)
GM  3FT) GM  3FT)

— —

HEAVE,

i

ROLL,
DEG

e S
PITCH
DEG

LON. ACC.
X 100, G'S

LAT. ACC.
X 100, G'S

VER. ACC.
X 100, G'S

ﬂﬁ.'&

Figure 17 - RMS Response Surfaces of LNG Series, 0 Knots
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NOTE: To IS MODAL WAVE PERIOD IN SECONDS.

M 1S SHIP HEADING IN DEGREES, 180 DEGREES IS HEAD SEAS.




ROLL, HEAVE,
DEG

PITCH,
DEG

LON. ACC.
X 100, G'S

LAT. ACcC.
X 100, G'S

VER. ACC.
X 100, G'S

(L

LNG SERIES
ROOT MEAN SQUARE RESPONSE SURFACES
UNIT SIGNIFICANT WAVE HEIGHT

5 KNOTS
SHIP A SHIP B SHIP C SHIP D SHIP E
PP = 561FT) u."’ = 604FT, (LPP = 778FT, (LPP = B40FT) (L” = 982FT)

nl

NOTE: To IS MODAL WAVE PERIOD IN SECONDS,

“ IS SHIP HEADING IN DEGREES, 180 DEGREES IS HEAD SEAS,
Figure 18 - RMs Response Surfaces of LNG Series, 5 Knots
> 2




PITCH, ROLL, HEAVE,
DEG DEG

LON. ACC.

LAT. AcCC.
X 100, G'S

VER. ACC.
X 100, G'S

X 100, G'S

LNG SERIES
ROOT MEAN SQUARE RESPONSE SURFACES
UNIT SIGNIFICANT WAVE HEIGHT

10 KNOTS
SHIP A SHIP B SHIP C SHIP D
(L, = 561FT) (L, - 604FT, (pp = 778FT, (L,  840FT)
GM - 3FT) GM _ 3FT)

SHIP E
(Lo, -~ 952FT)

NOTE: 'I’o IS MODAL WAVE PERIOD IN SECONDS.

“ IS SHIP HEADING IN DEGREES, 180 DEGREES IS HEAD SEAS.

Figure 19 - RMS Response Surfaces of LNG Series,

r

10 Knots

e

e




LNG SERIES
ROOT MEAN SQUARE RESPONSE SURFACES
UNIT SIGNIFICANT WAVE HEIGHT 2

15 KNOTS
SHIP A SHIP B SHIP C SHIP D SHIP E ‘
“'PP = S61FT) (Lpp = 604FT, (Lpp = 778FT, (L,p = B40FT) (Lpp ~ 952FT) .
GM = 3 FT) GM = 3FT)

ROLL,
DEG

PITCH,
DEG

X 100, G'S

LON. ACC.

LAT. ACC.
X 100, G'S

VER, ACC.
X 100, G'S

NOTE: To IS MODAL WAVE PERIOD IN SECONDS.

“ IS SHIP HEADING IN DEGREES, 180 DEGREES IS HEAD SEAS.

Figure 20 - RMS Response Surfaces of LNG Series, 15 Knots

5h




LNG SERIES
ROOT MEAN SQUARE RESPONSE SURFACES
UNIT SIGNIFICANT WAVE HEIGHT

20 KNOTS
SHIP A SHIP B SHIP C SHIP D SHIP E
“‘Pp -~ 561FT) (Lgp — 604FT, (Lpp - 778FT, u_” B40FT) L, 952FT)

GM - 3FT)

ROLL,
DEG

NOTE: To IS MODAL WAVE PERIOD IN SECONDS.

u IS SHIP HEADING IN DEGREES, 180 DEGREES IS HEAD SEAS.
Figure 21 - RMS Response Surfaces of LNG Series, 20 Knots
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SHIPB,GM =15FT
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SHIPC,GM =2 FT
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4 Figure 27 - Ship C, GM = 3 Ft, Root Mean Square Responses
versus Encountered Modal Periods
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Figure 28 - Ship C, GM = L4 Ft, Root Mean Square Responses
versus Encountered Modal Periods
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